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Abstract
Vehicle related non-exhaust particle emissions resulting from the abrasion
of brakes, tires, road and the resuspension of road dust may contribute
considerably to ambient air pollution. While exhaust particulate matter
emissions are expected to decrease, non-exhaust emissions will rise due to
higher traffic volume and the absence of legal regulations. However, there is
still limited scientific knowledge of non-exhaust emissions, especially for the
climate conditions found in central Europe. In the present work, different
measurement methods were developed to investigate non-exhaust particle
emissions from a light duty vehicle under real world conditions.
The potential generation of ultrafine particles from the tire/road interface
was investigated with real time measurement devices at different locations
in the wheel housing. Different driving situations like cornering, braking,
acceleration and steady straight driving with varying severity were tested.
A tracer gas experiment allowed the estimation of an upper limit of the
emission factor during normal straight driving.
A trailer based measurement approach was developed to estimate road
dust emissions. Wind tunnel tests, air flow measurements and tracer gas
experiments were conducted to characterize the wake of the vehicle which
allowed the quantification of the emissions. Much emphasis was placed
on representative sampling, which demanded the application of special
designed sampling inlets. Different test drives were performed on unpaved
roads, agricultural (dust loaded) paved roads and more than 800 km of real
world roads, covering a wide range of road conditions present in Central
Europe.

Zusammenfassung
Fahrzeugseitige, Nicht-Abgaspartikelemissionen resultieren aus dem Ab-
rieb von Bremsen, Reifen, Straße und der Resuspension von Straßenstaub
und tragen wesentlich zur Luftverschmutzung bei. Während die abgas-
seitigen Partikelemissionen in Zukunft abnehmen werden, wird eine Zu-
nahme der Nicht-Abgasemissionen durch steigendes Verkehrsaufkommen
und dem Fehlen gesetzlicher Regelungen erwartet. Allerdings sind Nicht-
Abgasemissionen derzeit nur begrenzt wissenschaftlich untersucht, speziell
für die in Zentraleuropa vorherrschenden klimatischen Bedingungen.
In dieser Arbeit wurden verschiedene Messmethoden entwickelt, um
die Nicht-Abgaspartikelemissionen eines leichten Nutzfahrzeuges unter
realistischen Bedingungen untersuchen zu können. Das potentielle Auftreten
ultrafeiner Partikel von der Straßen/Reifen-Grenzfläche wurde mit hoher
Zeitauflösung direkt an verschiedenen Stellen im Radkasten untersucht.
Verschiedene Fahrsituationen wie Kreisfahrten, Bremsen, Beschleunigen
und Geradeausfahrten wurden in mehreren Intensitätsstufen getestet. Ein
Tracergas-Versuch ermöglichte hierbei die Abschätzung einer oberen Grenze
des Emissionsfaktors für Geradeausfahrten.
Es wurde eine anhänger-basierte Messmethode entwickelt, um die Emis-
sionen durch die Aufwirbelung von Straßenstaub abschätzen zu können.
Durch die Kombination von Messungen im Windtunnel, Luftströmungs-
messungen und Tracergas-Experimenten konnte die Wirbelschleppe des
Fahrzeuges untersucht werden, wodurch eine Quantifizierung der Emissio-
nen ermöglicht wurde. Besonderes Augenmerk wurde auf eine repräsenta-
tive Probenahme gelegt,was die Anwendung spezieller Sonden erforderte.
Verschiedene Testfahrten auf nicht-asphaltierten Straßen,landwirtschaftlich
genutzten (staub-beladenen) Straßen und mehr als 800 km öffentlich ge-
nutzter Straßen wurden durchgeführt, um eine große Zahl verschiedener
Straßenbedingungen in Zentraleuropa abdecken zu können.
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Chapter 1
Introduction
The term particulate matter (PM) describes all suspended solid and liquid
particles in the atmosphere. Such suspended particles cover a wide range
of sizes from only a few nanometers up to hundred micrometers. Driven
by epidemiological and exposure research, fractions of suspended partic-
ulate matter mass are defined. These fractions are aimed to simulate the
inhalation of PM mass into the human body based on the particle size. For
example, PM10 describes the thoracic fraction which is defined by a cumu-
lative log-normal distribution with a median of 11.64 µm and a geometric
standard deviation of 1.5 [51]. In practice, this convention is implemented by
size selective inlets and correlates to a 50 % sampling efficiency cut-off for
suspended particles with a diameter of 10 µm. Similary, PM2.5 refers to the
respirable fraction and a 50 % efficiency cut-off for particles with a diame-
ter of 2.5 µm. Particles smaller 2.5 µm are named "fine particles", whereas
particles between 2.5 µm and 10 µm are named "coarse particles" (PM10−2.5).
Note, that the definition of a particle diameter is not straightforward and
several definitions exist. The above definitions are based on the aerodynamic
particle diameter, which is the diameter of a unit density sphere with the
same terminal settling veloctiy as the particle in question [16].
Particles in the atmosphere are generally classified as primary or sec-
ondary particles based on their generation mechanism. Primary particles are
directly emitted from a source. This source can be either natural (e.g. dust
entrainment by wind) or anthropogenic (e.g. vehicle exhaust). In contrast,
secondary particles are generated by chemical reactions and transformation
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processes in the atmosphere, which is also referred to as "gas to particle"
conversion [62]. Both mechanisms can be significant. Atmospheric particles
scatter or absorb thermal and solar radiation, directly affecting the global
radiation balance [69]. Acting as cloud condensation nuclei (CCN) they can
affect the radiation balance by increasing the reflection properties of clouds
(cloud albedo) and changing their lifetime [101].
Exposure to ambient PM is associated with a wide range of health effects,
e.g., increasing morbidity and mortality from respiratory and cardiovas-
cular causes [114, 122]. PM health effects are dependent on the exposure
concentration and the length of exposure, but especially on the particle size
with smaller particles penetrating deep into the lung. Thus, health studies
focus mainly on PM2.5. Nevertheless, there is support that coarse particles
(PM10−2.5) cause adverse lung responses and lead to increased cardiovascular
and respiratory morbidity [24]. In recent years, the increasing use of nanopar-
ticles (particle diameter dP < 100 nm) in different applications along with
decreasing ambient PM mass concentrations led to growing interest of health
effects due to ultrafine particles. With this reorientation, particle number
concentration may become more significant than mass concentrations. In this
regard, the European Union introduced particle number emission standards
for diesel and gasoline passenger cars [34].
Since there is evidence that PM causes adverse health effects, ambient
air PM is subject of environmental policy regulations. The European Union
established objectives for PM in the ambient air beginning 2005, i.e., a 24-
hour mean PM10 limit of 50 µg/m3, not to be exceeded more than 35 times a
calendar year in addition to an annual mean limit of 40 µg/m3. From 2015,
a limit of 20 µg/m3 PM2.5 based on a 3 year average is compulsory [117].
Even more restrictive, the World Health Organization recommend an annual
mean limit of 20 and 10 µg/m3 for PM10 and PM2.5, respectively. In contrast
to other air pollutants, it is suggested that there is no lower threshold below
adverse health effects do not occur [114]. Thus, a prospective minimization
of the ambient PM concentrations is desirable.
Road traffic contributes significantly to the total anthropogenic PM emis-
sions in Germany and many other countries. The German Federal Environ-
ment Agency estimated that about 29 % of the total anthropogenic PM10
2
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emissions can be attributed to emissions by traffic and mobile sources for the
year 2000 (excluding emissions from airplanes and ships which is standard
practice in international emission reporting) [86]. Road traffic PM emissions
originate from vehicle exhaust or from non exhaust sources, i.e., abrasion,
wear and the resuspension of road dust. Exhaust particles are generated
during combustion and dominate the fine particle mode, whereas particles
from abrasion and resuspension are mechanically generated and are thus
predominantly found in the coarse particle mode. However, under certain
conditions, ultrafine particles may be formed during wear processes. Fig. 1.1
shows an estimation for traffic generated PM10 emissions between the years
2000-2020 based on data from the German Federal Environment Agency.
Figure 1.1: Reference scenario for anthropogenic emissions of particulate
matter up to the year 2020 based on the emission inventory of the German
Federal Environment Agency. The total traffic PM10 emissions (excluding
emissions from airplanes and ships) and the proportional share of emissions
due to exhaust and abrasion are shown. The traffic emission contribution
to the total emissions decreases from 29 % to 20 % in 2020. The exhaust
contribution to the total emissions decreases from 13 % to 3 %. The abrasion
contribution to the total emissions increases from 8 % to 14 %. Total emissions
are not shown. Data from [86].
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On the one hand, the exhaust PM emissions are expected to decrease sig-
nificantly, due to the vehicle fleet renewal with modern engine technologies
and widespread application of modern particulate filters. On the other hand,
the contribution of non-exhaust emissions will rise due to a higher traffic
volume. In the year 2020 an exhaust proportion as low as 18 % of the total
PM10 traffic emissions is expected for Germany. The remaining 82 % are
non-exhaust, wear related emissions [86]. This illustrates the high impor-
tance of non-exhaust emissions in the near future. Note, that the emission
inventory does not account for the resuspension of road dust which is most
certainly the largest source of non-exhaust particle emissions. Thus, the
implementation of resuspension as a source would result in an even more
pronounced proportion of non-exhaust emissions.
However, these estimations are very uncertain. There is only little knowl-
edge of emission rates from non-exhaust sources. This is the result of the
fugitive character of non exhaust emissions, making a quantification of these
sources difficult. Furthermore, most of the current studies represent condi-
tions found in dry arid climate zones or in subarctic climate zones where the
use of studded tires and traction sanding leads to high road dust loadings.
These measurements are most probably not representative for Central Eu-
rope. In addition, laboratory studies often lack the applicability to real world
conditions.
In this work, new experimental methods were developed to investigate
non-exhaust particle emissions from a light duty vehicle. The measurement
approaches focused on the generation of particles directly at the vehicle
under real world conditions and with real world dilutions, avoiding labora-
tory artifacts as for example non-representative wear. Two different particle
ranges were investigated: The generation of ultrafine particles from the
tire/road interface and the generation of mechanically induced particles due
to the wear of tires, brakes, road and the resuspension of road dust.
An experimental setup was designed to examine under which conditions
ultrafine particles are generated at the tire/road interface. Furthermore, the
setup allowed the estimation of an upper limit of the ultrafine particle emis-
sion factor. A large range of different experiments was conducted, covering
driving situations from normal straight driving to extreme cornering or full
4
CHAPTER 1. INTRODUCTION
stop brakings. As yet, the presented measurements in this work are the first
reporting on ultrafine particle generation from the tire/road interface under
real world conditions.
Representative sampling of coarse particles is generally challenging, par-
ticulary when sampling from high velocity air streams which are encountered
in on road driving. Two different approaches to account for sampling biases
were investigated, leading to sampling inlets that were applicable for repre-
sentative on-road sampling of coarse particles. A trailer based measurement
approach was proposed, which allowed quantification of non-exhaust PM10.
Until now, non-exhaust emission factors in Germany were reported solely
based on stationary measurements (cf. ambient air sampling, chapter 3.1). In
this work, spatially resolved emissions are presented for the first time, show-
ing high variability of road dust loadings on public roads. Since very few
measurements were conducted in Central Europe, this mobile measurement
approach constitutes an important additional contribution to the field.
5
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Chapter 2
Characterization and
Measurement of Aerosol Particles
Aerosols are defined as a suspension of solid and liquid particles in a gaseous
medium. While the particle diameter ranges over several orders of magni-
tude, the properties of particles varies considerably, which aerosol physics
attempt to describe based on external forces and their interactions. Fur-
thermore, the dynamic of aerosols, i.e., the temporal changes of the particle
composition and particle properties, is size dependent as well. The wide
ranging particle properties demand different approaches for measuring and
transporting particle aerosols representatively. While the following chapter
cannot cover the depth of aerosol physics it is meant to give an overview on
basic principles and measurement techniques applied in the course of this
work.
2.1 Aerosol physics
2.1.1 Particle formation and removal processes
The different mechanism of particle formation and transformation for an
atmospheric aerosol are shown in Fig. 2.1. The initial particle formation
process for small particles is nucleation ( also known as gas-to-particle forma-
tion) which can be divided into homogeneous and heterogeneous nucleation.
Homogeneous nucleation or self-nucleation requires supersaturated vapor
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Figure 2.1: Particle size modes and particle formation processes. Adapted
from [15].
and forms droplets in the absence of condensation nuclei. The critical satura-
tion ratio required can be relatively high (2-10) and is given by the Kelvin
equation [73]. Heterogeneous nucleation describes the condensation of gas
molecules on small condensation nuclei in a supersaturated environment.
Since the saturation ratio is generally much lower than the saturation ratio
required for homogeneous nucleation this process is much more common
in the atmosphere. The lifetime of these initially formed particles is on the
order of minutes [15]. The primary sink of these particles is coagulation
which describes the growth of particles due to collisions between them. Co-
agulation can be divided into thermal coagulation which is the result of the
Brownian motion and kinematic coagulation which is the result of external
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forces [73]. Coagulation increases the mean particle size and decreases the
particle number concentration of an aerosol.
Particles in the coarse mode (>2.5 µm) are generally mechanically gen-
erated particles resulting from erosion and physical abrasion. The main
sink for these particles is dry deposition, i.e., sedimentation as a result of
gravitational settling. Smaller particles in the accumulation mode have the
longest lifetime of all particle modes. The main sink for these particles is wet
deposition either as a result of below cloud scavenging ("wahshout") or in
cloud nucleation scavening ("rainout") [65].
This short summary illustrates the complexity of the different simulta-
neous processes involved in the transformation of aerosols. All of these
processes are the result of the superposition of individual forces on particles.
2.1.2 Particle transport mechanisms
The measurement of particles is gerenally linked with a sample transport
from the aerosol to the measurement device. There are different particle loss
mechanisms for each particle mode as indicated in chapter 2.1.1 or being
more precise: The different mechanisms leading to particle losses are size
dependent. Thus, the experimental design needs to be carefully adapted
to the particle range in question. Small particles will diffuse to the walls of
sampling lines and are deposited due to the random thermal motion of gas
molecules which is transferred to the particles. This is known as particle
diffusion or Brownian motion. The transport efficiency is independent of the
sampling tube diameter and can be increased by minimizing the transport
distance or increasing the flow rate [22]. Another relevant loss mechanisms
for small particles is the electrostatic deposition of charged particles which
can be avoided by the use of metallic or conductive tubing. Thermophoretic
depositions are a result of a temperature gradient which will transport parti-
cles from higher to lower temperatures and needs to be avoided by either
heating the sampling lines or cooling the sampling gas by dilution [22].
Larger particles will be deposited in sampling lines by gravitational
settling. Gravitational losses can be minimized by reducing the sampling line
diameter and length. Larger particles usually have a larger mass which cause
inertial deposition losses in sampling lines. These losses can be the result
9
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of turbulences and subsequent impaction on the sampling wall or inertial
depositions in bends or flow constrictions, e.g. valves or abrupt changing
tube diameters etc. [22].
Before the aerosol is passed to the sample transport system it needs to
be collected from the environment by the sample inlet. The design of the
sample inlet is crucial for any application since most of the particle losses
occur 3-5 diameters downstream of the inlet [133]. Representative sampling
necessitates inlets that are designed to sample isokinetically.
2.1.3 Isokinetic sampling
Isokinetic sampling is achieved when the velocity of the free ambient air
stream is equal to the velocity of the sample air flow in the inlet, i.e., the in-
coming airflow must accommodate with the sample gas flow of the sampling
instrument. Additionally the flow needs to be isoaxially aligned with the
inlet to avoid particle losses [66]. Three cases are distinguished (cf. 2.2):
Figure 2.2: Schematic flow field for a) Isokinetic sampling (U=U0), b) Super-
isokinetic sampling (U>U0), c) Sub-isokinetic sampling (U<U0), where U
is the velocity in the inlet and U0 the free stream velocity. Larger particles
deviate from the streamlines due to their larger inertia.
10
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a) Isokinetic sampling (Sample gas velocity (U) = Free-stream ambient
gas velocity (U0)),
b) Super-isokinetic sampling (U>U0),
c) Sub-isokinetic sampling (U<U0) [22].
Deviation from isokinetic sampling conditions causes over- (sub-isokinetic
sampling) or underestimating (super-isokinetic sampling) the aerosol par-
ticle mass concentration since larger particles can not follow the diverging
streamlines upstream of the inlet. In the case of particle measurements on
moving vehicles the problem of sub-isokinetic sampling is of most concern
[75]. The aspiration efficiency (ηAsp) is defined as the ratio of the concen-
tration of particles of a certain size that enter the inlet and their particle
concentration in the ambient air [22]. Numerous correlations for the aspi-
ration efficiency have been developed based either on analytical, empirical
or iterative approaches, e.g. [19, 87, 93, 115]. These correlations are often a
function of the velocity ratio (U0/U) and the Stokes number,
Stk =
τU0
d
(2.1)
, where τ is the particle relaxation time and d the characteristic length of a
system (e.g. the inner diameter of the inlet)[19].
Different predictions for sub-isokinetic sampling based on different inlet
aspiration efficiency models are shown in fig. 2.3. It is noted that the un-
derlying models are mostly based on a narrow range of conditions which
might be exceeded for some of the points in the diagram. As expected, all
models show an increasing aspiration efficiency for increasing particle di-
ameter when sampling sub-isokinetic, but the shape of the functions differ
widely. The reason for this discrepancy are different model assumptions, the
wide range of experimental conditions, different instruments and scientific
objectives [17]. Moreover, the estimation of the total inlet efficiency requires
additional models for the inertial and gravitational losses which are diverse
and ambiguous. Still, the correction of anisokinetic sampling by these equa-
tions is not straight forward even if the size distribution of the aerosol is
known. Therefore, the correction of anisokinetic sampling effects should be
implemented in the experimental design phase whenever possible.
11
CHAPTER 2. CHARACTERIZATION AND MEASUREMENT OF AEROSOL
PARTICLES
0 5 1 0 1 5 2 0
0
2
4
6
8
1 0
1 2
1 4
1 6
1 8
0 5 1 0 1 5 2 0
0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
 

Asp
irat
ion 
effic
ienc
y
#$ !$#(!
Asp
irat
ion 
effic
ienc
y
#$ !$#(!
 '&&"
	 '&&"
	"%""$#)!#"
Figure 2.3: Predicted inlet aspiration efficiency for an inlet with a diameter of
1.89 cm and a flow rate of 5 l/min based on different equations for particles
in the range 1 µm - 20 µm (Stk ≡ 0.0017 - 0.5485) presented in the literature
[19, 93, 115, 144]. Left: Sub-isokinetic sampling at 30 km/h (U0/U=28.1).
Right: Sub-isokinetic sampling at 100 km/h (U0/U= 93.5).
2.2 Measurement devices
The great range of particle diameters, particle properties and applications
are accompanied by a great number of different measurement techniques
and instruments. The careful choice of adequate measurement techniques
for a specific application is crucial. The measurement of particulate mat-
ter within the current legislation framework of the ambient Air Quality
in Europe is based on particle collection on a filter and gravimetric mass
determination [52]. This is a direct mass measurement providing integral
mass concentrations. The temporal resolution of this approach is poor since
relatively long measurement times are required for an accurate determina-
tion of a definite mass difference for common aerosol concentrations. The
experimental methods presented within this work demanded high tempo-
ral resolutions to establish event correlations. Since all experiments were
mobile, the measurement principle needed to be mechanically robust for
field use. The measurement of smaller particles (dP<500 nm) is based on
the electrical mobility and were performed with an engine exhaust particle
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sizer. The measurement of larger particles is based on their light scattering
power and was performed with an aerodynamic particle sizer spectrometer
and DustTrak photometers. All of these measurement approaches are in-situ
techniques with high temporal resolution avoiding artificial changes of the
aerosol composition due to collection processes.
2.2.1 Engine exhaust particle sizer (EEPS)
Aerosol
In
Sheath
Air
Excess
Flow
High-Voltage
Electrode
ENEN
E4 E4
E3 E3
E2E2
E1 E1
Charger
Exhaust
Electrom
eters
Electrom
eters
Figure 2.4: Schematic airflow inside the EEPS. Courtesy of TSI.
The engine exhaust particles sizer classifies particles based on their elec-
trical mobility. The engine exhaust particle sizer (EEPS 3090,TSI) measure-
ment principle is shown in Fig. 2.4. Charged particles enter an electrical
field between the inner high voltage electrode and the outer cylindrical
electrodes and drift based on their particle size and charge. The particle
charge distribution needs to be known and is size dependent. The EEPS uses
two consecutive unipolar corona chargers of opposite polarity to obtain a
predictable charge distribution [10]. While particles with higher electrical
mobility will be detected by electrodes near the top, particles with lower
electrical mobility will be measured by electrodes near the bottom. High
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temporal resolution can be achieved by simultaneous detection on different
electrodes in opposite to classical differential mobility analyzers. The built-in
data conversion deconvolutes data and accounts for variability in particle
charge, image charge, multiple voltages on the center rod, and detection
time [82]. The EEPS provides particle size distributions between 5.6 nm and
562.3 nm in 32 channels with up to 10 Hz resolution at a total gas flow rate
of 50 l/min.
2.2.2 Aerodynamic particle sizer (APS)
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Figure 2.5: Schematic airflow inside the APS 3321. Courtesy of TSI.
The aerodynamic particle sizer (APS 3321, TSI) measures the aerodynamic
particle size distribution in the size range between 0.52 µm and 19.81 µm.
The APS flow is shown in Fig. 2.5. The sample flow is accelerated through an
orifice before entering the optics chamber. In the optics chamber the particles
scatter light as they are passed through two focused laser beams [81]. The
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time of flight (800 ns - 4.1 µs) between the two laser beams corresponds to
the size particle size. Based on the time of flight the particles of an aerosol
are classified into 52 different size classes at a frequency of up to 1 Hz. The
overall counting efficiency is near 100% for solid particles but considerably
lower for liquid droplets which tend to stick upon contact with the sample
line walls [141]. Since the aerodynamic particle sizing approach is insufficient
for small particles, all particles smaller 0.5 µm down to the measurement
limit of 0.37 µm are classified into the lowest size bin [134]. However there
is a general limitation for the three smallest bins of the APS beacause of the
gradual approach of the limits of scatter-detection efficiency at the used laser
wavelength of 655 nm [18]. Although individual particles are detected, small
discrepancies in particle sizing can lead to large discrepancies in particle
mass concentrations [141]. Thus, specialized devices for measuring particle
mass concentrations need to be applied.
2.2.3 DustTrak laser photometer
Figure 2.6: Schematic airflow inside the DustTrak 8530. Courtesy of TSI.
The DustTrak (Modell 8530, TSI) light scattering photometers measure
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particle mass concentrations in the range 0.001 mg/m3 - 150 mg/m3 with a
1 µg/m3 resolution. The basic measurement principle is shown in fig. 2.6.
The sample flow passes through a laser beam in the optics chamber. The
particles scatter the light which is then focused on a photodetector. The
scattered light is proportional to the mass concentration of the aerosol over a
wide range [83]. The light scattering from particles can be modeled within the
Mie scattering theory which provide an exact solution to Maxwell’s equations
[123]. The DustTrak devices are factory calibrated with NIST Arizona Road
Dust. Aerosols with strongly divergent characteristics (e.g. salt aerosol)
cause wrong mass readings since the mass reading is based on the aerosol
the instrument was calibrated with. However a user calibration can be
applied allowing a comparison to a gravimetric sample. Different impactors
are supplied to estimate PM10, PM4, PM2.5 or PM1 mass concentrations at a
frequency of up to 1 Hz.
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Chapter 3
Review of experimental methods
and emission factors
There are four major sources of non exhaust PM emissions: Brake wear, tire
wear, road wear and the resuspension of road dust. Results of non-exhaust
studies present in the literature are presented in the following chapter. When
possible, light duty (LDV) and heavy duty vehicles (HDV) are considered
separately. First, an insight into different measurement approaches is given.
3.1 Measurement methodologies
The processes leading to PM non-exhaust emissions are only partly known
and naturally complex. Although sub domains of non-exhaust emissions can
be modeled to a certain extent, there are no physically based deterministic
models at hand. Thus, investigations of non-exhaust emissions are mainly
empirically driven and based on scientific observations. There is no standard
method available for estimating non-exhaust emissions from vehicles. Rather,
experimental methods vary with the scientific hypotheses. In general, four
different experimental measurement methods are applicable:
Laboratory measurements: Laboratory conditions can be reproduced and
the influence of disturbances is reduced, allowing systematic investi-
gation of test parameters. Examples of laboratory measurements are
dynamometer, road simulator and wind tunnel tests. However, labora-
tory measurements may not reproduce real world behavior and studies
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often lack the important influence of the real world environment. Thus,
results needs to be interpreted with care.
Vehicle based measurements: These methods use particle measurement de-
vices directly mounted on the vehicle or in the wake of the vehicle
to investigate non-exhaust emissions directly at the source under real
world conditions (cf. chapter 3.5). Since the results of such studies are
dependent on the vehicle used, conclusions for vehicle fleets cannot be
drawn.
Field measurements: Direct sampling of road dust collected from roads by
vacuuming or sweeping to investigate resuspension from roads. The
road dust is analyzed or used as a input parameter for models.
Ambient air sampling: Measurements of particle concentrations adjacent
to roads are compared to ambient background concentrations. Ex-
amples of these techniques are upwind/downwind measurements,
exposure profiling, ambient/background measurements and tunnel
measurements.
The upwind/downwind method is based on stationary particle concentration
measurements upwind and downwind of a road. The measured difference
between both concentrations and the present meteorology are used as input
parameters in a dispersion model to estimate a source strength [91]. Since
this approach suffers from several limitations, an exposure profiling method
is more commonly used [36, 138]. This method consists of an upwind particle
concentration measurement and simultaneous multipoint particle sampling
of the plume cross section directly downwind of the source. Contrary to
the upwind/downwind method, no dispersion model is used. Instead, a
mass balance approach is applied [37]. Both approaches require sufficient
and stable wind flows which are typically encountered in open fields. Thus,
the applicability of such methods in road canyons is limited. In those cases
an ambient/background measurement method may be applied. Particle con-
centration measurements at a roadside and an urban background station are
combined with traffic density data and a dilution factor derived by the dis-
persion of a tracer gas (mostly NOx) to estimate traffic related PM emissions.
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Non exhaust and exhaust emission fractions are separated either by particle
size considerations (e.g. fine particles = exhaust emissions, coarse particles
= non-exhaust emissions) or by calculating the exhaust fraction based on
data from an emission inventory, cf. e.g. [56, 102]. Tunnel measurements
offer the advantage that wind fluxes can be determined directly [1]. This
simplifies the estimation of emission factors. However the influence of the
meteorology is small and resuspension emission factors reported by tunnel
studies are generally lower than those reported by open field studies. The
presented measurement methods are are not mutually exclusive, but are
often combined to increase the explanatory power.
The different approaches can be further classified as direct, source ori-
ented methods or receptor oriented methods. Source oriented emission data
can be combined with transport models to make predictions of the particle
concentration at receptor monitor stations. On the contrary, receptor oriented
methods are used for source apportionment by finding the optimal combi-
nation of chemical composition profiles to reconstruct ambient samples at
the receptor location [142]. Thus, receptor models are used to investigate
the current state of a system and not to make predictions. There are various
source apportionment receptor models available, but the most commonly
used are Chemical Mass Balance (CMB) techniques and multivariate statisti-
cal techniques [20, 23]. Most of these techniques require extensive knowledge
of different primary emission sources. Hence, the chemical composition of
PM needs to be analyzed and tracer species need to be identified which are
unique and as unambiguous as possible.
3.2 Brake Wear
The kinetic energy of a vehicle is dissipated by disc or drum brakes dur-
ing braking maneuvers. During this mechanical wear process, brake wear
particles are generated at the interface between the brake disc and linings
accompanied by generation of heat. The compositions of brake linings vary
widely and are proprietary to the manufacturers. However, five different
components are generally distinguished:
Reinforcing Fibers: provide mechanical strength (between 6–35% of brake
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lining mass),
Abrasives: serve to increase friction, maintain cleanliness between contact
surfaces and limit the build-up of transfer films (up to about 10% ),
Lubricants: stabilizing frictional properties, particularly at high braking
temperatures (about 5–29%),
Fillers: compounds to reduce manufacturing costs and improve manufac-
turability (varies from 15–70%),
Binders: compounds to maintain the structural integrity of the brake linings
under mechanical and thermal stresses( about 20–40%) [30].
The automotive industry categorizes brake linings based on their metallic
content in three groups: Metallic (Predominantly metallic, steel fibres, copper
fibres), Semi-metallic (Mixture of organic and metallic) and Non-asbestos
organic (Mainly organic, mineral fibres, rubber, graphite) [30]. Each of the
groups are designed for different requirements and applications. The wear
behavior and debris is strongly material dependent. Furthermore, different
experimental setups, operational conditions of the brake and metrics are
applied. These are some of the reasons for difficulties in comparing results
from different studies.
The chemical compositions of brake linings were investigated in several
studies. A multitude of metallic elements were found. Among the most
abundant metallic elements were Fe, Cu, Ca, Mg, Na, Ba, Zn, Sb an Pb
[136]. However, the proportions of the metallic contents of different linings
differ widely. The analysis of brake linings is valuable to predict the most
common emissions from brakes, but the composition of the brake wear debris
may differ due to the high temperatures reached during braking and the
interaction with the rotor [89]. For example, different compositions of brake
linings and corresponding brake wear were found. Rogge et al. investigated
the organic matter of brake wear debris brushed from the rear drum brake
of a light truck with gas chromatography [126]. The unresolved organic
mass compromised only 66 % of the elutable organic mass, stating that brake
linings must be resistant to possible leaking brake fluid and resistant to
solvents. They found low molecular weight n-alkanoic acids (C6–C9) to be
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dominant but only small amounts of n-alkanes (C19–C36). The prescence
of polyalkylene glycol ethers which are mainly used for hydraulic fluids
suggested that these compounds were lost from the hydraulic system and
incorporated in the brake wear debris.
Different brake lining wear factors have been estimated, typically ranging
between 10-20 mg·vehicle−1· km−1 (mg/vkm) for light duty vehicles and
50-80 mg/vkm for heavy goods vehicles [21]. But not all of the wear debris
is airborne PM and not all of the airborne PM escapes the car. Most of the
brake wear studies were conducted in laboratory controlled environments
on break dynamometers. It is questionable in how far these experiments can
reproduce real world braking behavior in respect of airborne PM. Sanders
et al. used a combination of real world, wind tunnel, and brake dynamometer
measurements to investigate PM emissions of different brake linings. They
found that about 50%-70% of the brake wear escapes the vehicle and is
released to the atmosphere. The emissions from different linings varied
by more than a factor 4, but on average their mesaurements are consistent
with a PM10 emission factor of 8 mg/vkm [127]. Garg et al. estimated PM10
emission factors between 2.9-7.5 mg/vkm based on dynamometer tests [55].
Sanders et al. stated that the measurments of Garg et al. were not corrected
for sampling losses and the results would become comparable if corrected
[127]. Rauterberg-Wulff estimated an emission factor of 1 mg/vkm based
on a tunnel study [124]. Another tunnel study estimated a combined PM10
emission factor of brakes and tires of 6.9 mg/vkm [104]. Abu-Allaban et al.
estimated PM10 brake wear emission factors between 0-12 mg/vkm for
different locations but as high as 80 mg/vkm near a highway exit based on a
chemical mass balance approach for LDV’s [3]. Gietl et al. reported a PM10
brake wear fleet average of 10.7 mg/vkm (LDV fraction of 83%) [60]. Brake
wear emissions are an important source for antimony (Sb) to the environment,
e.g. Iijima et al. estimated that 21 tons of antimony are released to the ambient
air from vehicle braking every year in japan (0.59 g car−1 year−1) [80]. For
Europe, antimony emission factors of 11±7 µg/km and 86±42 µg/km have
been reported for LDV and HDV, respectively [26]. Similarly, Amato et al.
reported an emission factor of 86 µg/km for the fleet average [7].
21
CHAPTER 3. REVIEW OF EXPERIMENTAL METHODS AND EMISSION FACTORS
Sanders et al. found the mass mean diameter of wear debris from braking
events to be 6 µm, and the number-weighted mean to be between 1-2 µm
[127]. This seems to be consistent with size distributions reported in other
studies [68, 80]. Garg et al. estimated fractions of airborne PM10 and PM2.5
of 86% and 63%, respectively. Although mechanically generated particles are
expected to be found in the coarse mode a significant fraction was found to
be <0.1 µm [55]. This was explained by the very high temperatures reached
at the lining/rotor interface. Evaporation of some of the brake pad material
may have occurred and subsequent condensation of that material in the air
stream [55]. Kukutschova et al. investigated ultrafine particles from brakes
on a dynamometer. They found gradually increasing particle concentrations
(<100 nm) when the bulk temperature of the rotor approached approximately
300 ◦C, which was found to be the combustion initiation temperature of
organics present according to a thermogravimetric analyses. The number
of nanoparticles (<100 nm) were by three orders of magnitude larger when
compared to the microparticles. They stated that mass size distributions
give incomplete information about the potential toxic character of airborne
particles associated with inhalation exposure [98].
3.3 Tire Wear
Tire wear particles are formed mechanically by tire abrasion at the tire/road
interface and are suspected to be a major contributor of Zn to the atmosphere.
Although the composition of tires is variable and dependent on the required
performance the general rubber composition in weight-% was reported to be
compromised of (cf. [21, 32, 46, 126]):
• Rubber polymer, elastomer (40 – 60 %), a typical rubber mixture was
reported to consist of: Natural rubber, NR (≈ 40 wt-%), Styrene butadi-
ene rubber, SBR (≈ 30 wt-%), Butadiene rubber, BR (≈ 20 wt-%), Butyl
and halogenated butyl rubber,(≈ 10 wt-%).
• Fillers, reinforcing (25 – 35 %), increasing the stability of the structure
(mainly Carbon Black (CB)).
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• Fillers, softening (15 – 20 %), plasticizers to improve strength, elasticity,
tear strength, hardness and elongation (different mineral oils).
• Vulcanisers (1 – 2 %), used in the vulcanization process where the
rubber compound is transformed from a plastic state to an elastic state
(mainly sulfur but also selenium, tellurium, organic peroxides, nitro
and azo compounds).
• Accelerators (0.5 – 2 %), used to accelerate the otherwise slow vulcan-
ization process (organic accelerators, mostly sulphur containing, e.g.
thiazole).
• Activators (2 – 5 %), used to activate the organic accelerator compounds
for the vulcanization process (metallic oxides or salts of lead, calcium,
magnesium or zinc).
• Antioxidants (1 – 2 %), UV/Ozon protectors (amines, diamines, phenols
and waxes).
• Additives (1 – 2 %)
The typical Zn content in the tire tread is typically about 1 wt-% [35]. The
organic composition of tire dust from a rolling resistance testing machine
was analyzed by Rogge et al. in 1993. They found polycylclic aromatic
hydrocarbons (PAH) with a concentration of 200 µg/g of tire dust [126].
However, the European Union regulated the PAH contents of extender oils
used in tires beginning 2010. Subsequently recent studies found only low
concentrations of PAHs in tires [92, 116]. Abrasion from tires forms particles
that can be termed as either road wear particles (RP), tire-wear particles
(TWP) or tread particles (TP) dependent on the kind of interaction between
the road, the tire and the environment as shown in Fig. 3.1. Kreider et al.
found differences in the morphology, chemical composition and size for
these different particle types and stated that toxicity data derived from
one particle type should not be used interchangeably or extrapolated to
represent the toxicity of another [92]. Similarly, different authors stated that
laboratory studies are usually not simulating normal real world driving
behavior [39, 119].
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Environment
Road Tread
RP
TWP
TP
Figure 3.1: The interaction between the road, the tire tread and the environ-
ment form the basis of different particles groups: Roadway particles (RP),
tire wear particles (TWP), and tread particles (TP). Adapted from [92].
The wear rate of tires is dependent on a multitude of factors like driving
style, tire- , vehicle- , and road surface-characteristics. However, an average
emission factor for normal driving appears to be 100 mg/vkm [21]. Only
a small part of the tire abrasion is airborne PM and a considerable amount
is deposited on the road, e.g. in the form of tire shred. In an early study,
Cadle and Williams estimated a wear rate of 4 mg/vkm for airborne particles
[28]. Rauterberg-Wulff estimated an emission factor of 6.1 mg/vkm in a
tunnel study [124]. Boulter concluded that less than 10 % of the tire wear
is emitted as PM10 under normal driving conditions [21]. However, several
studies did not observe any tire wear suggesting that tire wear is of minor
importance, at least for pavements in good conditions [3, 25, 57]. Hildemann
et al. were not able to collect fine particle samples of tire wear since tire
particles became electrically charged and adhered to the sampling equipment
[72]. AbuAllaban2003 supposed this might have been the reason for the
absence of tire particles during their measurement campaign [3]. The use of
studded tires can significantly increase the PM emissions. Studded tires are
often employed in scandinavian countries and showed to cause a ten fold
increase of the measured PM10 concentration compared to non-studded tires
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in a road simulator test [64].
The size distribution of tire wear particles is often reported to be bimodal
with coarse particles, ranging from 4 to several hundred µm and another
mode with particles smaller than 1 µm [2, 38, 39, 92]. The morphology
of the coarse particles can be described as elongated in shape originating
from a roll-wear mechanism with mineral inclusions from the road surface
[4, 29, 39, 92]. Measurements of Dahl et al. on a road simulator suggest, that
a considerable amount of ultrafine particles are generated at the tire/road
interface from both studded and unstudded tires [38]. The levels of these
emission factors were higher than diesel exhaust particle number emissions
of modern light duty vehicles downstream of the particulate filter. The same
road simulator was used in a recent study which reported on the generation
of ultrafine particle emissions for studded tires but not for other tire types
[132]. The generation of ultrafine particles can be understood as a thermo-
mechanical process with local hot spots on the tire tread reaching higher
temperatures than the bulk tread and resulting in evaporation of volatile
materials. Cadle and Williams found that this thermo-particulation occurs
at temperatures above 180 ◦C. Thermo-gravimetric analysis showed that all
weight loss occured below 250 ◦C. Since SBR and Carbon Black volatilize
at temperatures above 365 ◦C they concluded that those species were not
responsible for the observed particles and the weight loss was apparently due
to extender oils and/or degraded polymers [28]. Contrary to that, Camatini
et al. noted that SBR degrades significantly above 110 ◦C [29]. Dahl et al.
expect the particles to originate from the softening filler and the fragments
of the carbon-reinforcing filler material (soot agglomerates)[38].
3.4 Road wear
Road wear particles are primarily formed at the interface of the pavement
and the tires of road vehicles. Two main road surface materials are com-
monly distinguished, asphalt and concrete. Asphalt surfaces account for
approximately 90 and 92 % of all paved roads and highways in Europe and
the USA, respectivly [12]. Asphalt consists mainly of mineral aggregates
( 95%), bituminous binder, fillers and adhesives whereas concrete pavements
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consist of mineral aggregates and cement [136].
Since it is not trivial to differentiate between direct road wear and the
resuspension of road dust (cf. 3.5), there is little information on the airborne
PM contribution of road wear particles. Most road wear studies are per-
formed under laboratory conditions on road simulators to minimize the risk
of source double counting. It is difficult to draw conclusions from these
dynamometer experiments on real world driving conditions. For example,
Kupiainen et al. performed tests on a circular road simulator and stated that
abrasive wear dominated over fragmentation and thus asphalt wear might
be higher than in a real world straight motion [100]. Based on a carbon
analysis of the debris collected on a road simulator with concrete pavement,
Aatmeeyata and Sharma estimated that about 90% of the debris could be
attributed to the tires and the remaining 10% to the pavement [2]. Similary,
Gehrig et al. concluded that pavement wear from pavements in good condi-
tions are quite low in the range of only a few mg/vkm if quantifiable at all
[57].
Luhana et al. estimated the PM10 emission factor for road wear to be
3.1 mg/vkm for LDVs and 29 mg/vkm for HDVs based on a tunnel mea-
surement campaign [104]. Kupiainen et al. estimated an PM10 emission factor
of 11 mg/vkm for friction tires running on an asphalt concrete pavement in
a road simulator with the limitations described above [100]. However, the
application of studded tires can cause significant road wear. Especially in
nordic countries, studded tires are of major concern. It was estimated that
a 50% reduction of the vehicles running on studded tyres during winter in
Stockholm would reduce the PM10 levels during dry conditions around 30 -
40 µg/m3 [113]. Gustafsson et al. stated that the PM10 generated by summer
tires is almost negligible in comparison to studded tires [64]. As expected,
the use of traction sanding leads to enhanced particle concentrations but also
showed a contribution to enhanced pavement wear [99].
3.5 Resuspension of Road Dust
Particle movement is size dependent and three different regimes are gen-
erally distinguished: Surface creep (dP > 500 µm), saltation (100 < dP <
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500 µm) and resuspension (dP < 100 µm) [54]. The resuspension of a single
particle is determined by four different forces: Lift force, drag force, ad-
hesion force and the gravitational force [109]. Adhesion forces are mainly
a result of van-der-Waals attractions or capillary forces, the latter highly
dependent on humidity [103, 130]. Resuspension increases with the shear
force on the surface and decreases with increasing layer roughness [103].
Despite the advances in computational fluid dynamics, particle resuspension
from surfaces is still difficult to model on a microscopic scale. Moreover,
properties of the particle/surface system are not directly measurable result-
ing in rough estimates of the resuspension process in most models [79, 130].
First experiments on resuspension focused on wind induced resuspension
and described the impact of resuspension either by the resuspension factor
(ratio of airborne contaminant concentration divided by the contaminant
surface concentration on the ground), or the resuspension rate (fraction of
source resuspended per unit time) [54, 111]. Harrison et al. showed that wind
induced resuspension of coarse particles is of minor importance and that
human activity is primarily responsible for the presence of coarse particles in
the atmosphere at the corresponding sites in the United Kingdom. However
the opposite is expected for arid climates where wind is known to cause sand
storms, cf. for example [67].
The vehicle induced resuspension of particles from road dust is one of the
major sources of vehicle induced particulate matter. Nearly every natural
and anthropogenic source may contribute to the road dust complex, e.g.
combustion particles, vehicle related depositions, biological debris or soil
input from surrounding areas. Thus, the composition of road dust will vary
among different measurement locations and it is unlikely that a derived
chemical profile can be generalized for different locations. Nevertheless,
it was shown that road dust is dominated by elements typical for crustal
sources and may contain considerable amounts of metallic elements [6, 8,
135]. The compounds of road dust might be of human health relevance.
Sehmel presented the first investigation of vehicle induced resuspension
in 1972 [131]. Mollinger et al. performed laboratory tests with different
body types attached to a swing. They concluded that more particles are
resuspended when the body to surface distance is small, the particles are
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relatively large, the surface is smooth, and the aerodynamic shape of the
body is poor [108].
Though not designed to measure road dust emissions, Honkamaa and
Toivonen characterized the sampling efficiency of their vehicle based, mobile
measurement system STUK intended to be used for particle measurements af-
ter a nuclear disaster [74]. EL-Waraki proposed a suction device for reducing
and investigating resuspended road dust emissions from low duty vehicles
[41]. Sanders et al. used a filter mounted behind the rear tire of a pickup
truck to investigate the effectiveness of different road dust suppressants
[128]. Several modern mobile measurement techniques have been developed
with the beginning of this millennium to measure road dust emissions under
real world conditions. All of these systems were using real-time aerosol
measurement devices to measure an ambient background concentration and
the concentration near a potentially particle source simultaneously. The
TRAKER system measured the road dust emissions behind the two front
tires of a cargo van and was characterized in extensive detail [43, 44, 78, 94].
It should be noted that the emission factor of the TRAKER was based on a
comparison with upwind/downwind estimations for relatively high emis-
sion factors (10-150 g/vkt) on unpaved roads, which are magnitudes higher
than normally found for paved roads and a small vehicle velocity range
(2-8 m/s). The SNIFFER system measured road dust emissions through a
conical inlet behind the rear tire [120]. A comparison study showed that both
systems correlate quiet well and both are capable of measuring small scale
variations of the emission levels [121]. The SCAMPER system was developed
to measure both relevant resuspension mechanisms, the interaction of the
tires and the road and supplemental the vehicle induced turbulences. This
system used an instrumented trailer behind a vehicle to measure road dust
emissions directly in the wake of a vehicle [49]. This approach leads to lower
measurable concentrations due to higher dilution compared to the TRAKER
or SNIFFER system but allowed a direct estimation of an emission factor after
characterization of the vehicle wake. The concept of vehicle distanced trav-
eled based emission factors originated from investigations of unpaved roads
[36]. Since unpaved roads constitute an unlimited reservoir of road dust, the
resuspended road dust per vehicle is identical. Contrary, a fraction of the
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road dust is removed from a paved road for each vehicle passing leading
to a decline of resuspended road dust per vehicle [112]. Thus, resuspension
emission factors for paved roads should be interpreted with care and can
lead to discrepancies between actual and predicted emission factors when
implemented in ambient air quality models (cf. [112, 140]).
Figure 3.2: Range of reported resuspension emission factors for paved roads.
Boxes indicate data range, whereas markers indicate the mean, if reported.
Superscripts: a: Resuspension only, b: Abrasion & Resuspension, c: Tunnel
study, d: Fleet average, e: includes exhaust emissions, f : exhaust subtracted
based on emission inventory. [3, 7, 11, 25, 33, 43, 47, 50, 56–59, 70, 77, 84, 90,
96, 102, 104, 137, 139]
A wide range of reported PM10 resuspension emission factors are summa-
rized in Fig. 3.2. The cause of the wide range of different emission factors
are numerous, for example, different climates and meteorological conditions
at the measurement locations and thus variable road dust loadings, different
traffic situations (density, fleet, etc.) and different experimental methodolo-
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gies. Additionally, several authors reported high variability of the particle
emissions by resuspension among different test locations [3, 50, 121].
The resuspended road dust was consistently reported to increase with
increasing vehicle velocity, e.g. Hussein et al. reported a 10 fold increase
of the particle concentration measure behind the front tire when increasing
the velocity from 20 km/h to 100 km/h [78]. Etyemezian et al. found a
cubic relationship between their TRAKER signal and the measured mass
concentration but but a linear relationship for the emission factor increase
with velocity [43]. An increase of 60-130% was reported by Pirjola et al.
when increasing the velocity from 50 km/h to 80 km/h depending on the
measurement system (TRAKER or SNIFFER) and tire type [121]. While tires
do have a major influence of the measured road dust emissions it is rather
unclear whether the higher emission results from enhanced road wear or
enhanced resuspension or a combination of both. As one may expect, the
highest emissions were measured in decreasing order for studded, traction
and summer tires [64, 78, 121]. Generally, the emission levels were shown
to be dependent on the season with smaller emission levels in summer
compared to winter [42, 90]. Gertler et al. reported a factor of four decrease of
the emission factors from late Spring to early summer for a snowy mountain
climate [58].
On unpaved roads considerably higher emission factors have been re-
ported than on paved roads. Claiborn et al. estimated PM10 emission factors
in the range of 74-336 g/vkm for unpaved roads. Measurements with the
SCAMPER system indicate lower PM10 emission factors in the range of 36-
54 g/vkm at an average speed of 25 km/h [48]. Similarly, PM10 emission
potentials from 3.1 to 14.2 (g/vkt)/(m/s) and 6.7 to 9.6 (g/vkt)/(m/s) as-
suming a linear relationship between velocity and emissions were derived
with the TRAKER system [95, 97]. Gillies et al. reported a linear relationship
between both velocity and weight with the emission factor on unpaved roads
with the same measurement approach [61]. Williams et al. used a sampler
made of sticky tapes on a tower to estimate the total suspended PM from
unpaved roads. The emission factors ranged from 10147 g/km at 48 km/h
to 11062 g/km 64km/h [143].
A variety of mitigation strategies for fugitive dust emissions from un-
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paved and paved roads have been investigated. Street cleaning by either
street sweeping or street washing did only show small effects ( <15%) if
measurable at all [7, 88, 113]. Other studies even observed an increase of
PM10 concentrations shortly after street sweeping [58, 95]. However, in a
longtime study Zhu et al. reported street sweeping to be a be an effective
means of controlling dust emissions from roads [146].
The application of liquid (NaCl-solution) or abrasives de-icers (sand, cin-
ders+salt) resulted in a 30% increase or doubling of the PM10 levels, respec-
tivley [58]. Norman and Johansson reported that the application of calcium
magnesium acetate (CMA, Ice Away, as 25% water solution) resulted in an
average reduction of around 35% in the daily PM10 averages [113].
The use of dust suppressants on unpaved roads was shown to reduce the
road dust emissions considerably (cf. [40]). Sanders et al. reported 50-70%
reduction of dust emissions from unpaved roads when unsing lignosulfonare,
calcium chloride (CaCl2) and magnesium chloride (MgCl2) [128]. Fitz applied
a copolymer-based dust suppressant on unpaved roads and reported a five
fold decrease of the PM10 emissions [48].
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Chapter 4
Investigation of the generation of
ultrafine particles from the
tire/road interface1
Particulate matter is generated at the interface between tires and the road
by mechanically abrasion (cf. chap. 3.3). The wear particles are predom-
inantly found in the coarse mode but measurements conducted by Dahl
et al. indicated the generation of ultrafine particles from tire abrasion [38].
Circular road simulators as the one applied by Dahl et al. suffer from non
representative road and tire wear because of enhanced turn slip rarely found
in real world driving. Thus, in the present work a light duty vehicle was
equipped with measurement devices to sample airborne ultrafine particles
under real world conditions and realistic driving maneuvers.
4.1 Methods and material
4.1.1 Light duty test vehicle
The light duty vehicle was a crossover Sport Utility Vehicle with an unloaded
weight of 2200 kg. It was powered by a Euro-4 diesel engine with an output
of 136 kW (185 hp) and a six-speed manual gearbox. It was equipped with a
1Excerpts of this work were already published independently in a peer reviewed journal
[105].
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diesel particulate filter. The car has a total length of 4.81 m, a heigth of 1.78 m
and a width of 2.11 m (including side mirrors). The use of studded tires is
restricted or illegal on public roads in many parts of Europe. Thus, summer
tires were used for all measurements and considered to be representative
for Europe. However, some of the measurements were repeated with all-
season tires. The vehicle was equipped with a cruise control system allowing
constant velocity cruising with high reproducibility. A anti-lock braking
system is combined with an electronic brake force distribution which assures
the steerability and avoids the permanent blocking of the tires during braking
maneuvers. Additionally, an emergency brake assistance supports the driver
by supplying the maximum braking force during full stop brakings. The
vehicle is equipped with a traction control and an anti-slip regulation which
prevents slipping tires during accelerations. A GPS receiver (RLVB10SPS,
Racelogic) provided navigation data, e.g. latitude, longitude, time, speed,
and heading. The data acquisition and most of the device control was
automated with LabVIEW (LabVIEW, National Instruments) to simplify the
measurement procedure as much as possible.
4.1.2 Measurement setup
The experimental setup is shown in Fig. 4.1. Five stainless steel sampling
inlets with a diameter of 0.4 cm were mounted around the tire at the front
right wheel housing of the vehicle. In addition, one measurement inlet was
mounted directly at the brake next to the calipers to account for the potential
generation of ultrafine particles from the brakes. Measurement position 5
served as a background reference position in front of the car to study the
performance of the measurement devices in the absence of any particle
source. The flow field in and around the wheelhouse is characterized by large
recirculation areas [125]. It is possible to model the particle dispersion in the
wheelhousing, giving detailed insights [13]. However this is a complex and
burdensome approach, which needs to be experimentally verified. Therefore,
the remaining inlets were chosen to investigate the dispersion of particles in
the wheel housing and to localize potentially particle sources. The sampling
inlets were connected to measurement devices in the vehicle interior with
teflon tubes with an inner diameter of 0.8 cm and a mean length of 6 m.
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Figure 4.1: Photograph showing sampling positions inside and around wheel
housing. All sampling positions were aligned to the wheel centerline. Pos.
1: Sampling position close to the tire/road interface well behind the tire.
Pos. 2-4: Sampling positions in wheel housing vertical aligned to the tire
tread. Pos. 5: Background reference position in front of the car. Pos. B (inset):
Sampling position close to the brake disc [105].
Since this work was focused on the generation of ultrafine particles, no
isokinetic sampling design was necessary. The most prevalent particle loss
mechanisms are summarized in chapter 2.1.2. Briefly, no effective particle
loss mechanisms were expected for the presented setup. Residence times for
the aerosol were estimated to be smaller than 0.4 s at a flow rate of 50 l/min.
Hence, diffusional losses were estimated to be minimal with about 82 %
penetration for 10 nm and 97 % penetration for 30 nm particles (cf. [22]).
Thus, a high sampling efficiency was expected.
Particle size distributions in the range between 5.6 nm and 562.3 nm were
measured with an EEPS (TSI, Inc.) at a resolution of up to 10 Hz (cf. EEPS
operating principle in chapter 2.2.1). CO2 mixing ratios were measured with
a non dispersive infrared gas analyzer (Rosemount, MLT-1). Both devices
are directly connected with a tee piece to the teflon tubing leading to one of
the inlets in the wheel housing. In a preliminary test, measurement signals
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of the EEPS and the CO2 gas analyzer were time aligned. Hence, timing
differences caused by different tubing length and different signal processing
by the devices could be offset. A pyrometer (Optris, CS) was attached to the
spring strut and measured the mean thermal radiation from the inner brake
disc side. It should be noted that the pyrometer cannot resolve hot spots
during braking which develop local temperatures of up to 750-1250◦ C [9].
However the measured mean bulk temperature was helpful to operate the
brakes at controlled conditions and avoid overheating.
4.1.3 Measurement location & Test plan
All measurements were carried out at the Ford Motor Company proving
ground in Lommel, Belgium [53]. The proving ground is closed to the public
and offered 15 different test tracks with varying road surfaces and a total
track length of more than 80 km. Traffic influence of other vehicles needed to
be minimized to avoid interferences from vehicle exhaust particles. Some test
procedures, e.g., full stop braking or extreme cornering required a closed test
track for safety reasons. Most measurements took place on a 2 km straight
track with an asphalt surface material. Cornering was done on a circle with
a diameter of 48 m at the end of the track. The steady straight driving
measurements were repeated on a durability test track. The measurements
were performed under dry road surface conditions only.
Four different driving situations were investigated:
Steady Straight Driving: The "Steady Straight Driving" tests represent con-
stant speed driving with no steering movements. Four different veloci-
ties were tested: 50, 70, 100 and 120 km/h.
Cornering: The "Cornering" tests were subdivided into "Normal Cornering"
and "Extreme Cornering". "Normal Cornering" corresponded to cor-
nering on a circle with a diameter of 48 m with a constant velocity of
30 km/h and a lateral acceleration, alateral of 2.9 m/s2. A lateral acceler-
ation of 3.8 m/s2 at 30 km/h was proposed to be the "safety limit of an
average driver" [129]. Therefore, a velocity of 30 km/h was chosen to
be a representative value for normal cornering. Note that most drivers
have only experienced accelerations up to 5.3 m/s2 (90% percentile)
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[76]. Lateral accelerations greater than 6.5 m/s2 are within the stabil-
ity limit. The "Extreme Cornering" test corresponded to cornering on
the same circle but with increasing velocity. At velocities of about 46 –
48 km/h the tires started screeching. At approximately 50 km/h (alateral
= 8 m/s2) the vehicle was automatically decelerated due to the internal
stability control.
Accelerations: The "Acceleration" test related to a racing start with tire slip.
The vehicle’s internal traction control system led to a minimization of
tire slip though.
Braking maneuvers: Braking tests were done for different deceleration rates
beginning at a certain velocity. In this way, both extreme and normal
conditions were tested. The clutch was released, i.e., all kinetic en-
ergy was dissipated by the brakes. Braking stops with the highest
deceleration rate obtainable corresponded to "Full stop brakings".
4.1.4 Tracer gas experiment
A tracer experiment was carried out in order to relate the concentration
measurements of the EEPS to an emission factor. Particles are assumed to be
solely generated at the particle source and diluted by the incoming airstream.
The diluted aerosol is then analyzed by the EEPS. To a first approximation
both particles and tracer gas disperse identically. Therefore, particle source
and gas source were interchangeable within experimental error. A tracer
gas (10 % NO in nitrogen, PraxAir) was released to estimate the velocity
dependent dilution caused by the incoming airflow. The converservation of
mass holds:
fAircBG + fTrcTr = ( fAir + fTr)cMeas (4.1)
,where: fAir, the flow rate of the diluting ambient airstream; cBG, the tracer
gas concentration in the ambient air; cTr, the tracer gas concentration; fTr, the
flow rate of the tracer gas; cMeas, the concentration of the tracer gas diluted
with the airstream measured at the sampling point. Solving this equation for
fAir leads to:
fAir =
fTr( fTr − cMeas)
cMeas − cBG . (4.2)
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A chemiluminescence detector (CLD 66, Eco Physics) measured the NOx
mixing ratio (cMeas) at the EEPS-sampling inlet with a frequency of 2 Hz. The
flow rate ( fTr) of the tracer gas was kept relatively low (max. 1 l/min) to
avoid adverse interaction with the incoming airflow. The tracer gas was
released in a rectangular wave format with constant injection phases (15
seconds) followed by no injection sections (10 seconds). The latter were used
to estimate the background level (cBG) of NOx. The tire/road interface is the
assumed source of particles. However, it is not possible to release a tracer gas
at this point in a real world experiment. Thus, this tracer gas release position
was substituted with a probe in front of and behind the tire expecting an over-
and under-estimation of the correct dilution. The estimated dilution was
assumed to be the average of these measurements. The measurement probe
in front of the tire released the tracer gas through three capillary Teflon tubes
which ended near the tire/road interface simulating a line source. It was not
possible to attach a line source behind the tire without major disturbance
of the airflow. The stability of the setup was also a problem because of the
relative movement between the tire and the vehicle. Therefore, a single Teflon
tube was used as a probe behind the tire approaching the tire/road interface
as close as possible. Both configurations are shown on the right-hand side in
Fig. 4.2. The velocity dependent flow rate of the diluting ambient airstream
was investigated on public roads for 7 different velocities between 10 and
130 km/h. Each measurement consisted of 6 tracer gas release phases as
described above and was repeated at least 3 times for averaging. Data that
were suspected of being interfered by vehicle exhaust were excluded. No
data were available for the release position behind the tire for velocities above
90 km/h. At such velocities the teflon tubes were mostly lost due to shocks
and vibrations. Note that the impact of the ambient wind is superimposed
on the measurement and cannot be separated. The influence is expected
to be small since the maximum wind speed was 5 m/s (18 km/h) and the
average wind speed was 3.5 m/s (13 km/h). The error may be relevant for
slow velocities (< 15 km/h) where the emission of particles at the tire/road
interface is expected to be small anyway.
An exponential increase of fAir with increasing velocity for both tracer gas
release positions was observed between 30 km/h and 90 km/h as shown in
38
CHAPTER 4. INVESTIGATION OF THE GENERATION OF ULTRAFINE PARTICLES
FROM THE TIRE/ROAD INTERFACE
FitFront
FitBehind
Figure 4.2: Estimated flow rate of dilution air from tracer gas experiments.
Release of the tracer gas in front (photography top right) and behind of
the tire (photography bottom right) results in over- or under-estimation of
the diluting airstream at the tire/road interface, respectively. The dotted
line shows the average of both exponential fits and was used to estimate an
emission factor for steady straight driving at different velocities. Error bars
indicate the standard deviation
Fig. 4.2. The exponential fit to the measurement data leaded to an averaged
estimation for fAir:
fAir = exp(0.08507 · v− 2.904), (4.3)
where fAir, is the averaged flow rate of the diluting ambient airstream in
m3/s, and v the vehicle velocity in m/s.
4.2 Driving situations
Most of the measurements presented in this chapter were performed either
at sampling position Pos. 1 or Pos. B. A direct contact between tire and
sampling inlet Pos. 2 was suspected, since the freely rotating inlet was turned
out of position after some measurements which was connected with high
concentration readings. Data from sampling position 2 were thus rejected
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in the evaluation. The previously described tracer gas measurements were
conducted to estimate emission factors for steady straight driving. However,
the underlying assumptions are most certainly not valid for the cornering
tests. While cornering, the forces at the front and back tire are significantly
different. The airflow around the angled front tires will also differ from the
tracer gas experiment. Because of these uncertainties no emission factor
was estimated for the cornering results. Additionally, it is not reasonable
to estimate an emission factor for the extreme condition tests like full stop
braking.
4.2.1 Steady straight driving
As described earlier, the "Steady Straight Driving" tests represented constant
speed driving with no steering movements. Four different velocities were
tested on two different asphalt roads with summer tires and were repeated
with all-season tires. Data with obvious outliers due to other vehicles present
on the track were rejected. The average background concentration was on the
order of 3000 – 8000 #/cm3 during all tests (Mean: 5100 ± 1400 #/cm3). Note
that the concentration data were best described with a lognormal distribution
since the EEPS generates only positive concentration values. An example
of a measurement under steady straight driving conditions conducted with
summer tires is presented in Fig. 4.3.
The mean total particle concentration was calculated for constant velocity
sections. On average, no particle concentration enhancement was measurable
while driving at different velocities in comparison to the background particle
concentration. The repetition of measurements with all-season tires did not
show enhanced particle concentrations, as well. The estimated relationship
between velocity and averaged ambient airstream flow rate ( fAir, eq. 4.3)
facilitated the analysis of the data in the context of an emission factor. Within
experimental error the emission characteristics of all four tires were assumed
to be identical. Based on this assumption the emission factor for steady
straight driving was estimated as:
EF =
4 · ∆cEEPS · fAir
v
· 109, (4.4)
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Figure 4.3: Steady straight driving. From top to bottom: Vehicle speed,
particle size distribution, total particle concentration and the mean particle
concentrations for different constant speed sections and mean background
concentration measured at Pos. 1. Error bars indicate the 68 % percentile.
where: EF, the particle emission factor in #/km, ∆cEEPS, the particle con-
centration difference measured with the EEPS at Pos. 1 in #/cm−3; v, the
velocity in m/s; fAir, the flow rate of the diluting ambient airstream in m3/s.
The estimated upper limit of the average emission factor measured at
Pos. 1 is shown in Fig. 4.4. The emission factors were the mean of both
roads and tire types tested. As shown in the figure, the inherent uncertainties
introduced by the conversion from a particle concentration difference to an
emission factor based on the tracer gas experiment is smaller than the spread
of the individual measurements. The square and triangle symbols bring the
flow rates span shown in Fig. 4.2 in the context of an emission factor.
The signal to noise ratio of the EEPS increased with increasing velocity.
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Figure 4.4: Estimated upper limit of the emission factor for steady straight
driving. The error bars indicate the spread of the individual measurements
based on the propagation of uncertainties. The squares are the calculated
mean emission factor based on fAir. The diamond and triangle represent the
estimated emission factors based on the tracer gas measurements in front
and behind the tire.
This was due to increased vibrations at higher velocities [85]. The higher
noise levels were hardly affecting high concentration readings. However,
the noise level became significant for concentration differences near the ori-
gin and is therefore one of the limitations for the sensitivity of this setup.
Essentially, no difference in particle concentration was observed, when con-
sidering the increased noise level of the EEPS at increased vehicle speed. The
upper limit of the emission factor was below 1 x 1011 #/km. This emission
level is up to to 30 times smaller than previously reported by Dahl et al..
They used a road simulator with tires running on a 5.3 m diameter circle at
speeds up to 70 km/h [38]. It is expected that these conditions resulted in
non-representative tire wear and heating and thus better represent extreme
conditions. Recent measurements on the same circular road simulator did
not confirm the earlier finding but are in good agreement with the present
observations [132].
42
CHAPTER 4. INVESTIGATION OF THE GENERATION OF ULTRAFINE PARTICLES
FROM THE TIRE/ROAD INTERFACE
4.2.2 Cornering
Two different velocities were tested in a constant diameter circle (d=48 m):
30 km/h ("Normal Cornering") and 40 km/h. Additionally, tests with increas-
ing velocities up to about 50 km/h were performed ("Extreme Cornering").
A typical "Normal Cornering" tests at 30 km/h is shown in Fig. 4.5.
Figure 4.5: "Normal cornering" in a circle (d = 48 m) with constant speed of
30 km/h measured at Pos. 1. From top to bottom: Vehicle speed, particle size
distribution and the total particle concentration. The periodic modulation of
the velocity curve was caused by different slopes on the tracks.
The particle concentration for both the 30 and 40 km/h tests were of the
same order as the background concentration. No formation of ultrafine
particles was observed at these velocities and lateral acceleration. This
result was readily explained since no elevated temperature at the tire/road
surface was expected and no evaporation of tire material thus occurred. More
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extreme conditions were forced by further increase of the velocity which
yield activation of the stability control system to prevent the vehicle from
breaking away. These higher velocities resulted in enhanced peak particle
concentrations up to 3.5 x 106 #/cm3 measured at Pos. 1 as shown in Fig. 4.6.
Figure 4.6: "Extreme Cornering" in a circle (d = 48 m) with increasing ve-
locity measured at Pos. 1. From top to bottom: Vehicle speed, particle size
distribution and the total particle concentration. The velocity was increased
until the activation of the stability control forced the vehicle to slow down.
There was no increase of the CO2-mixing ratio measurable, which clearly
showed that no exhaust from the vehicle was detected and the particles
observed originated solely from a non-exhaust source. At sampling Pos. 3
the particle concentration was about 2 magnitudes lower and the data much
noisier in the same experiment. The peak concentration was 6 x 104 #/cm3.
There were no discrete peaks visible in the particle concentration trace shortly
before the deceleration. Only a small part of the main airflow stays attached
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to the rotating tire and thus carries tire particles into the wheel house. The
particle concentration was then further diluted and therefore hardly detected
at the other measurement positions.
4.2.3 Acceleration
During normal accelerations with moderate use of clutch and no visible tire
slip, no enhanced particle concentrations were measurable for accelerations
up to 2.4 m/s2. Only under racing start conditions particle formation was
measurable at Pos. 1 most probably due to tire slip as shown in Fig. 4.7. The
Figure 4.7: "Racing start" acceleration measured at Pos. 1. From top to bottom:
Vehicle speed, particle size distribution and the total particle concentration.
same measurement at Pos. B showed no significant increase of the particle
concentration. As demonstrated in the cornering experiments, the highest
concentration of particles was found at Pos. 1, near the tire/road interface.
This proved that the particles were generated from the tire/road interface
and did not originate from other sources, e.g. from potentially evaporating
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oils in the the engine compartment. The size distribution of the generated
particles was similar for acceleration and cornering with a mean particle
size between 30 and 60 nm. This indicated that both maneuvers forced the
formation of the same particle types. In agreement with the cornering tests,
no CO2 was measured which could be linked to the acceleration event.
4.2.4 Braking
Different brake deceleration rates were tested. No ultrafine particle formation
was found for brake accelerations <5 m/s2 at Pos. 1, i.e., sampling position
near the tire/road interface. However, a slight increase above background
levels of larger particles (>200 nm) was detected at Pos. B, i.e. the sampling
position directly at the disc brake. The brake disc temperature at the begin-
ning of a braking maneuver was varied as well as the starting velocities. The
braking disc temperature was varied by hard braking maneuvers. Also un-
der these conditions no ultrafine particles were observed. Real world driving
consists predominantly of brake accelerations <3 m/s2, e.g., Hugemann and
Nickel reports a 90%-percentile for a deceleration rate of 3.3 m/s2 [76]. Thus,
no ultrafine particle formation is expected for normal braking.
In contrary, full stop brakings resulted in clearly measurable particle
concentrations of up to 1 x 107 #/cm7 at Pos. 1. Full stop braking activated
the anti-lock brake system (ABS) of the vehicle, which then minimized the
blockade of the tires. Two examples of full stop brakings with starting
velocities of 30 km/h and 100 km/h,respectively, are shown in Fig. 4.8.
There is a small increase of the CO2 signal visible in Fig. 4.8 a. However,
this is not a result of the tire/road interaction. CO2 peaks were not always
found during full stop braking experiments, in contrast to particle signals.
Measurements with strong headwind did not result in any CO2 peaks clearly
indicating that the CO2 was not generated by the tire/road interface. Further,
the CO2 peaks were time delayed from the initial braking events with an
average delay of 3 s relative to the particle concentration peaks. The CO2
peaks are likely correlating to the exhaust in the vehicle wake which overtook
the vehicle during these full stop brakings.
The particle size distributions for different driving maneuvers are shown
in Fig. 4.9. The size distributions of 100 km/h full stop brakings measured
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Figure 4.8: a) Full stop braking with an initial velocity of 30 km/h. b) Full
stop braking with an initial velocity of 100 km/h. From top to bottom:
Vehicle speed, particle size distribution, total particle concentration and CO2
mixing ratio. Sampling was done at Pos. 1.
Figure 4.9: Left: Size distributions from the EEPS for different maneuvers
measured at Pos. 1 and Pos. B. Size distributions are averaged over 2 s begin-
ning at the peak concentration. Right: Variation of the total concentration
peak for 157 full stop brakings with the initial velocity.
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at Pos. 1 (near the tire/road interface) were bimodal. A nucleation mode
was observed for small particle sizes (ca.10 nm) and a second mode between
30 nm and 60 nm. The size distribution of this mode at 30 nm - 60 nm was
comparable to the size distribution observed in the cornering and acceler-
ation tests. In contrast, 30 km/h full stop braking size distributions were
unimodal without a separate nucleation mode and shifted to a larger mean
particle diameter between 70 nm and 90 nm. A possible reason for the larger
mean particle size observed during the 30 km/h full stop braking could
be the different ABS activation strategy. For 100 km/h stops the ABS will
periodically release the brake to prevent locking of the tires. At 30 km/h
the locking time was longer. In some cases no release of braking power
was observed leading to significant tire slip. Video recordings during the
measurements confirmed this assumption. As shown in the video stills in
30 km/h 100 km/h
Figure 4.10: Video stills showing the front right tire during full stop brakings
with an initial velocity of 30 km/h and 100 km/h. The anti-lock brake system
strategy differs in both cases resulting in slipping tires and visible smoke
generation for 30 km/h full stop brakings.
Fig. 4.10, full stop braking experiments at 30 km/h generated visible smoke
formation behind the tire. This is in agreement with the shifted particle size
distribution towards larger particles resulting from particle coagulation. No
smoke was visible for the 100 km/h full stop braking since no continuous
tire slip was observed. Note that the airflow at 100 km/h is higher than at
30 km/h and the airflow around the wheel likely differs as well.
In a rough calculation, the expected temperature increase for braking
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maneuvers can be estimated. The kinetic energy of the vehicle is:
Ekin =
1
2
·mvehicle · v2,
where the mass m of the vehicle is about 2500 kg and v, the initial velocity
of the car. About 75 % of the energy is dissipated at the front wheels. This
yields:
EkinFrontDisc =
Ekin · 0.75
2
= ∆Q,
where ∆Q is the heat energy at one of the front discs. Thus, the temperature
increase in Kelvin (∆T) can be estimated as:
∆T =
∆Q
ciron ·mBrakeDisc ,
where ciron is the heat capacity of iron (0.5 kJ kg−1 K−1) and mBrakeDisc the
mass of the brake disc (≈ 7 kg). This estimation results in a temperature
increase of 103 K and 9 K for full stop brakings with a initial velocity of
100 km/h and 30 km/h, respectively. Despite the rather rough calculation,
the average temperature increase measured at the disc brake for a 30 km/h
full stop braking was 10 K. The temperature increase for a 100 km/h full stop
braking was 100 K. This demonstrated that the pyrometer measurements
were reasonable. No correlation of the brake disc temperature and the par-
ticle concentration was found. However, when the brake was deliberately
heated by concurrent braking and powering to very high temperatures far
beyond 500 ◦C (measurement limit of the pyrometer) high particle concen-
trations were measured at Pos. B (near disc brake), although no brake was
applied as shown in Fig. 4.11. Particle concentrations above background
level were measurable for more than 50 seconds after the last release of the
brakes. This shows that the brakes were superheated by the artificial braking
maneuvers. No enhanced CO2 mixing ratios were measured. Obviously, at
these temperatures volatile material from the brakes evaporated until the
brakes had cooled down. It is unlikely that these high temperatures would
be reached during normal day driving.
The size distribution of the full stop braking maneuvers measured directly
near the brake were unimodal and had a diameter of approximately 11 nm
(Fig. 4.9). Apparently, this could be the origin of the nucleation particle
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Figure 4.11: Deliberately temperature induced particle generation from the
brakes measured at Pos. B. Note, that the measurement limit of the pyrom-
eter (500 ◦C) is exceeded. From top to bottom: Vehicle speed, particle size
distribution, total particle concentration and brake disc temperature. The
rectangles in the velocity plot indicate phases of braking.
mode for the 100 km/h full stop brakings measured at Pos. 1 as shown in
Fig. 4.9. This is in agreement with Garg et al. who suggested that most of the
brake wear particles might be smaller than 30 nm which was the particle size
limit of their measurement device used [55]. The peak particle concentration
(2 seconds average) for each full stop braking was determined at Pos. B
and is shown on the right side of Fig. 4.9. For increasing initial velocities it
was found that the particle concentration at Pos. B increased exponentially
from 3 x 104 #/cm3 to 1 x 106 #/cm3 for 30 and 100 km/h full stop brakings,
respectively. In contrast hereto, the peak particle concentration measured
at Pos. 1 approximately correspond for both initial velocities. Taking into
account that the tracer gas experiment suggested an exponential increasing
ambient air flow rate, the particle source at the tire/road interface needed to
increase exponentially as well to explain the constant concentration for all
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velocities. However, the exponentially increasing brake particle numbers are
partially measured at Pos. 1 making even a qualitative assessment difficult.
4.3 Summary
A vehicle based real world measurement method was developed allowing
for measuring ultrafine particles generated from tires and brakes in real time.
The real world approach assured representative sampling of particles. No ex-
haust contamination occurred which was demonstrated by CO2-monitoring
of the sampled aerosol. All tests were performed on a test track minimiz-
ing external influences. Under normal driving conditions no substantial
particle concentration enhancements were measurable. A tracer gas experi-
ment allowed the estimation of the sensitivity of the setup. Based on these
results an upper limit of the emission factor of 1 x 1011 #/km for steady
straight driving was derived. This number is much lower than previously
reported from laboratory experiments. Furthermore, if compared to the new
European particle emission limit of 6 x 1011 #/km for diesel passenger cars
which enforces efficient particle filters, the present emission factor is of minor
importance [34]. Under extreme conditions, i.e., full stop braking, extreme
cornering, or racing start acceleration, ultrafine particles were measured
with mean particle sizes between 30 nm and 90 nm. Peak concentrations up
to 1 x 107 #/cm3 were found reaching the upper measurement limit of the
EEPS for some channels. Both the acceleration test and the cornering tests
reveal that non-exhaust particles were formed at the tire/road interface for
extreme conditions due to significant tire slip. It remains unclear whether the
particles originated from the tires or the road surface or both since no source
apportionment was implemented. However, locked tires likely resulted in
high local temperatures at the tire surface and can be linked to high particle
production. This suggests that the particles originated from the tires and not
the road. The size distribution of 30 km/h full stop braking was unimodal
with a mean particle size between 70 nm and 90 nm. In contrast, 100 km/h
full stop braking size distributions were bimodal with a small mode near
10 nm and a second mode between 30 and 60 nm. The small particle mode
likely originated from brake wear particles which were generated under this
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heavy break loading. This is supported by the size distribution measured
directly near the brake disc which was unimodal and showed a maximum at
approximately 10 nm. An exponential increase of the peak particle concentra-
tion with increasing velocity was found directly at the disc brake for full stop
braking. Additionally, clearly measurable particle concentrations are formed
at high brake disc temperatures (> 500 ◦C) even if no brakes were applied.
It is assumed that particles were generated during evaporation processes,
e.g. high temperature at the tire/road interface and/or the brake/brake disc
interface. These high temperatures are very unlikely to be reached in normal
driving situations though.
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Chapter 5
Non-exhaust PM emission
measurements of a light duty
vehicle with a mobile trailer1
As shown in chapter 4, ultrafine particles were generated under extreme
driving conditions at the tire road interface. However, PM emissions due
to abrasion and resuspension of road dust are generated in a physical wear
process and are thus predominantly found in the coarse particle mode. Rep-
resentative sampling of particles in the coarse mode and quantification of
PM emissions was not possible with the setup presented in chapter 4. Thus,
a new mobile measurement approach was designed to measure particle
concentrations directly in the wake of the vehicle on a trailer, similarly to
the approach presented by Fitz [47]. This approach leads to lower mea-
surable concentrations due to higher dilution than measurements in the
wheel housing as implemented in the TRAKER or SNIFFER system (cf. chap.
3.5). However, it has the advantage that both resuspension mechanisms are
captured, i.e., vehicle induced resuspension and resuspension caused by
tire/road interaction. Furthermore, a direct estimation of emission factors
is possible after characterization of the vehicle wake . Thus, additional un-
certainties introduced by cross-referencing other methods for the emission
factor estimation are not encountered. Measurements were conducted on
unpaved roads, agricultural paved roads and real world roads, covering a
1Excerpts of this work were submitted independently to a peer reviewed journal [106]
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wide range of road dust loadings.
5.1 Measurement setup
Figure 5.1: Measurement setup with towing vehicle and background mea-
surement position on the roof. On the trailer the particle measurement
devices are mounted in actively ventilated enclosures. The exhaust gases
were bypassed to the back of the trailer.
A crossover Sport Utility Vehicle is used to tow an instrumented trailer as
shown in Fig. 5.1. The vehicle was described in detail in chapter 4.1.1. All
measurements were conducted with all-season tires.
The trailer was an unbraked one axle type with a gross vehicle weight
of 750 kg. Since the optimal placement of the measurements devices in the
wake of the vehicle was unknown, an adjustable towing bar was used. The
towing bar allowed continuous variable distances between the vehicle and
the trailer in the range of x=1.8 m - 4.5 m, providing more flexibility than
with a fixed towing bar length. A cargo box (Dimensions: 1,95m x 1,85m x
0.8m (LxWxH)) at the back of the trailer was used for transporting batteries
and additional equipment. A 1 m long platform was attached in front of the
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cargo box where a frame was used for the mounting and variable alignment
of all measurement devices. The maximum width of the frame allowed on
public German roadways is 2.55 m. However the frame width was variable
and could be extended up to y=4 m on test tracks. Measurement devices
could be placed in heights up to z=2.35 m. The trailer was approved for
a speed limit of 100 km/h on roads in Germany including wheel shock
absorbers. The exhaust gases of the vehicle were bypassed to the back of
the trailer to avoid potential exhaust contamination. Three TSI DustTrak
II 8530 photometers were employed to estimate PM10 concentrations at a
frequency of 1 Hz (cf. chapter 2.2.3). Size distributions were measured with
an aerodynamic particle sizer (APS 3321, TSI) (cf. chapter 2.2.2). Each of
the measurement devices was housed in an actively ventilated enclosure to
protect them from environmental influences. Additionally, one enclosure
was equipped with a combined humidity/temperature sensor (Driesen +
Kern, DKRF 4001-P). All DustTrak photometers were equipped with a PM10
impactor. Stainless steel sampling lines with a length of 0.2 m were connected
to the devices through a small opening in front of the enclosures. Thus bends
or long sample lines were avoided which are prone to significant sampling
losses. The DustTrak tubes had an inner diameter of 3.86 mm at a flow rate
of 3 l/min. The APS tube had an inner diameter of 1.58 cm at a flow rate
of 5 l/min. Gravitational losses in the sampling lines were calculated to be
<12% for the DustTraks and <27% in case of the APS for 10 µm particles
with a density of 2.6 g/cm3 (SiO2). Note, that a sampling line length of 1 m
(cf. SCAMPER setup [47] would have resulted in losses of <46% and <78%,
respectively. At the inlet of each sampling line, isokinetic sampling probes
could be connected to correct for anisokinetic sampling.
5.2 Isokinetic sampling
As described in chapter 2.1.3, anisokinetic sampling results in unrepresenta-
tive data. Sub-isokinetic sampling was expected for most vehicle velocities.
This would have resulted in artificial high particle mass concentrations and
overestimated emission factors. Two different approaches were pursued:
Diffuser based sampling probe: Special designed nozzles that slow down
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the incoming air to match isokinetic conditions for a certain velocity in
the inlet.
Velocity dependent sampling probe (VDSP): A system, that uses a pump
to adjust the sampling flow, matching isokinetic sampling conditions
for a wide range of velocities.
5.2.1 Diffuser based sampling probe
Isokinetic sampling requires the incoming air stream to be slowed down to a
velocity the sampler can comply with. Different inlets have been proposed
for a wide range of applications, e.g. aircraft probes are often designed as
"shrouded probes" [107]. In this work, conical diffuser inlets were designed
which slow down the air by increasing the cross sectional area as shown in
Fig.5.2.
Figure 5.2: Schematic diagram showing the diffuser probe design used to
correct for anisokinetic sampling.
A similar inlet was reported by Farthing and Dawes [45]. A total of six
different inlets (3 APS inlets, 3 DustTrak inlets) were made from stainless
steel in a wire erosion process with dimensions presented in Table 5.1.
It should be noted, that the inlets were not considered to be "thin-walled"
as defined by Belyaev and Levin. They suggested that a nozzle may be
classified into either "thin walled" , when
DiameterOuter
DiameterInner
< 1.1 (5.1)
or
DiameterOuter
DiameterInner
> 1.1 if
ThicknessWall
DiameterInner
< 0.05 and β<15 ◦, (5.2)
otherwise a nozzle was classified as "thick walled" [19]. Thick walled probes
result in particle bounce and distortion of the approaching air flow due to
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Velocity [km/h] Inner
Diameter
(front)
[mm]
Inner
Diameter
(back)
[mm]
α (outer) β (inner) Length
[mm]
APS30km/h 3,57 15,75 5◦ 3.1◦ 113,48
APS70km/h 2,34 15,75 5◦ 3.2◦ 120,52
APS100km/h 1,95 15,75 5◦ 3.2◦ 122,7
DustTrak30km/h 2,85 4,8 2.4◦ 0.9◦ 60
DustTrak60km/h 1,95 4,8 3.1◦ 1.4◦ 60
DustTrak100km/h 1,5 4,8 3.5◦ 1.6◦ 60
Table 5.1: Dimensions of the inlets used. Velocity refers to the type of device
and the velocity where isokinetic sampling is achieved. The front wall
thickness of the APS and DustTrak inlets is 0.5 mm and 0.25 mm, respectively.
the wall thickness. This causes lower aspiration efficiencies. The ratio of
outer to inner diameter varied between 1.28 and 1.51 for the APS nozzles and
were reduced for the DustTrak nozzles to about 1.17 - 1.33, which is near the
proposed ratio of 1.1. Decreasing the wall thicknesses further than 0.25 mm
were rejected for reasons of stability in daily field use and limitations in the
manufacturing process. Hence, the expansion angles were kept low to avoid
flow separation inside the inlet which would cause deposition of particles.
The functionality of the inlet design was validated in a real world experi-
ment. For the validation the APS was installed on the roof of the vehicle to
measure size distributions of the ambient background aerosol while parking
or while driving at different velocities as shown in Fig. 5.3 a.
These measurements were conducted on the motorway (Autobahn) A46
(four-lane highspeed motorway with only 25,000 cars/24h [27]). The back-
ground concentration was measured at a parking lot adjacent to the motor-
way. Subsequently a 10.5 km long motorway section was driven back and
forth (total: 21 km) at different speeds (70 km/h and 100 km/h) with and
without the diffuser, respectively. The measured background concentration
was assumed to be identical on the motorway and next to the motorway.
All measurements were recorded with a video camera. The resulting video
streams are used to remove outliers that originate from the exhaust con-
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(a) (b)
Figure 5.3: Measurement setup for the isokinetic sampling correction valida-
tion. The measurement devices were mounted on the roof of the vehicle. a)
Setup with APS device. b) Setup with two enclosed DustTraks.
tamination from other vehicles. Additional measurements were conducted
for a vehicle velocity of 30 km/h on a 3 km long rural road adjacent to the
highway.
The effect of anisokinetic sampling and the impact of the diffuser inlet are
shown in Fig. 5.4.
As expected, particles with higher aerodynamic diameter were sampled
disproportionately under sub-isokinetic conditions. Therefore a correction
for anisokinetic sampling was necessary. The diffuser inlet approach showed
a good size dependent correction. The anisokinetic sampling effect for mea-
surements at 30 km/h was too low to show any differences between corrected
and uncorrected sampling within experimental errors. Since the correction
for the APS device was evident and required for higher velocities the inlets
were miniaturized for the use with the DustTrak devices as described before.
The APS was replaced with DustTrak devices for further measurements.
The DustTrak devices did not measure size distributions and reported only
integral mass concentrations. Since background aerosol was sampled, there
are only small concentrations of larger particles which are most prone to
anisokinetic sampling. The on-road variations of the background aerosol
were mostly higher than the anisokinetic sampling effect. Note that the
DustTrak was not biased by sub-isokinetic sampling as much as the APS due
to the higher flow velocity inside the DustTrak inlet. For example, without
diffuser the DustTrak sampled isokinetically at a vehicle velocity of 10 km/h,
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Figure 5.4: Anisokinetic (circles) and diffuser corrected isokinetic (squares)
measurement of a background aerosol performed with an aerosol particle
sizer (APS) at a velocity of 100 km/h. The roadside background concentration
measured at 0 km/h is also shown (triangles).
whereas the APS measures isokinetically at a velocity of only 2 km/h. Thus,
a validation of the inlet miniaturization was not possible. However, based on
the APS results, it is expected that the inlets lead to a reasonable correction
of anisokinetic sampling effects.
5.2.2 Velocity dependent sampling probe
The diffuser based approach for isokinetic sampling is only valid for distinct
flow velocities. Thus, different velocities demand different diffusers with
varying inlet diameters. In order to provide isokinetic correction within a
wide range of velocities a velocity dependent sampling probe (VDSP) was
developed. The sampling probe was inspired by a probe design used in
the SCAMPER campaign presented by Fitz [47]. However, no performance
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verification was presented in their work. The VDSP designed in the course
of this work is shown in Fig. 5.5 b. The incoming ambient air flow is slowed
(a)
(b)
Ambient Flow
Excess Flow
Sample Flow
FilterDifuser Sampling device
Figure 5.5: Schematic principle of the velocity dependent sampling probe. a)
First prototype version. b) Enhanced version with with different filter type
and filter positioning. For details refer to text.
down by extracting excess air through a conical hollow filter. The excess air
is removed with a pump, placed inside the vehicle. The excess flow rate was
controlled with a thermal-based mass flow controller (20 l/min N2, MKS
Instruments 1559a) and calculated from the difference between ambient flow
rate and sample flow rate. In turn, the ambient flow rate was calculated
by multiplying the inner inlet diameter with the flow velocity which was
assumed to be identical to the vehicle velocity. The actuating variable was
the vehicle velocity which was received by GPS data and determined the
excess flow rate which was computer controlled in real-time (1 Hz). Since the
necessary flow rate would exceed the maximal controllable flow rate of the
flow controller at high speeds, a "30 km/h"-diffuser (cf. 5.1) was connected to
the sampling tube. For example, without the diffuser a flow rate of 320 l/min
would have been necessary, whereas the mounted diffuser reduced the flow
rate to about 12 l/min at a vehicle velocity of 100 km/h. Fitz used pressure
transducers to adjust the flow rate of the pump [47]. Inlets that are aimed
at matching the pressure inside and outside the nozzle are also known as
null-type nozzles [22]. When the pressure reading became zero, there was
no pressure drop from the probe inlet to the tubing that lead to the DustTrak.
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However, the pressure difference signal was reported to be noisy, which
resulted in frequent overshooting of the desired flow conditions [47]. Finally,
they also used the vehicle velocity as actuating variable as described above.
In the first prototype, a metallic wire mesh screen cylinder was mounted at
an opening within a stainless steel tube as shown in Fig. 5.5 a. The installation
was problematic since the filter were nonrigid which may result in varying
diameters over the filter length. Hence, the in line filter could act as a flow
constriction at the junction of filter and sampling tube. This was also apparent
from comparison measurements. In these measurements, the VDSP without
diffuser was compared to a standard sample tube with identical length
in an on road measurement as described earlier. When no excess air was
extracted, both setups were expected to operate with the same anisokinetic
sampling effect. However, the VDSP showed a lower particle concentration
increase than the tube. This was explained by enhanced particle losses in
the VDSP, most probably due to the implementation of the filter. These
measurements led to the development of the improved version shown in Fig.
5.6 b). The nonrigid filter was replaced with a glass fiber filter. Additionally
(a)
(b)
(c)
Figure 5.6: a) Photography of the improved VDSP version used in com-
bination with the APS. b) Miniaturized VDSP sampling probe with PM10
impactor and diffuser for use with the DustTrak. c) Different filters used for
the VDSP. From left to right: Wire mesh screen cylinder (Körner GmbH) as
implemented in the prototype, glass fiber filter (Infiltec) as implemented in
the APS-VDSP, smaller PE-filter (Infiltec) as implemented in the DustTrak-
VDSP. For size comparison: paper clip.
the filter fixation was realized with standard Swagelok connectors, allowing
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fast exchange of the filter and improving the guidance of the filter, thus
avoiding variable inner tubing diameters. All further measurements with
the new system showed no differences between a passive sampling tube
and the VDSP with switched off pump (no excess air flow). A series of
measurements were conducted with varying flow rates beginning from 0%
of the anticipated excess air flow rate up to 125%. The results are shown
in Fig. 5.7 a). This showed clearly that the increasing pump flow rate
a) b)
Figure 5.7: a) Measurement with the VDSP at a vehicle velocity of 100 km/h
with varying pump flow rate. b) Mass weighted particle size distribution
measured with and without the VDSP system at a vehicle velocity of 100
km/h.
reduced the anisokinetic sampling effect. Additionally, the performance of
the VDSP was compared to the diffuser based approach presented in chapter
5.2.1. An example measurement is shown in Fig. 5.7 b). Both systems,
the VDSP and the diffuser approach were capable of significantly reducing
the nonisokinetic sampling effect. The VDSP principle was miniaturized
for application with the DustTraks as shown in Fig. 5.6 b). However, the
validation of the smaller VDSP with the DustTrak was not possible for
the same reasons described for the DustTrak version of the diffuser based
sampling probe. Introducing flow constrictions with the smaller filters may
have potentially led to particle size dependent measurement biases that
could not be characterized. Thus, the VDSP system was not applied for
road dust measurements in this project. Instead, the diffuser based sampling
approach was solely used. However, the principle applicability of the VDSP
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was shown and further characterization under controlled conditions may
result in a in-field application of this approach.
5.3 Airflow measurements
5.3.1 Wind tunnel measurements
Qualitative wind tunnel investigations were conducted at the Ford aero-
acoustic wind tunnel in Cologne, Germany. For technical details of the wind
tunnel relate to Grundmann et al. [63]. The wind tunnel results led to a better
understanding of the flow conditions in the wake of the vehicle and upstream
of the measurement devices by visualizing streamlines with a smoke system.
Qualitatively investigations of the airflow between vehicle and trailer were
conducted for several distances. The visualization of streamlines with a
smoke system allowed an iso-axial alignment of the DustTrak inlet with
respect to the incoming airflow on top of the vehicle as shown in Fig. 5.8.
Anisoaxial alignment potentially results in unrepresentative sampling as
described in chapter 2.1.3. A tube length of 0.2 m was found to be a sufficient
distance for avoiding diverging streamlines at the inlet because of the device
housing. Hence, the flow of the airstream at the background measurement
position on top of the vehicle was relatively smooth and essentially stream-
lined . In contrast, the flow field in the wake of a vehicle is naturally complex.
A distinction is made between the far wake and the near wake which propa-
gates up to 10 vehicle heights downstream the vehicle edge [14]. The latter is
of importance for the present measurements, whereas the dispersion pattern
of the far wake is of importance for dispersion modeling, cf. [71]. The near
wake behind a vehicle is characterized by highly turbulent flow conditions
with longitudinal vortices and the presence of a wake recirculation region as
shown in Fig. 5.9 [5]. The size of the recirculation region is dependent on the
vehicle geometry. Three vehicle geometries are generally distinguished and
vary primarily in the rear slant angle: Squareback, notchback and fastback
(in decreasing slant angle order). A decreasing recirculation region was
found for decreasing rear slant angles [5]. Additionally, the vortex structure
changes with varying slant angles. However, no significant change of the
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Figure 5.8: Photograph showing the DustTrak measuring the background
concentration being aligned iso-axially with respect to the incoming airflow
in a wind tunnel.
vortex structure was found for increasing vehicle speed at a constant slant
angle [31]. The vehicle type employed in this study was best described as a
squareback type which are expected to have the largest recirculation region.
However, wind tunnel measurements showed that the recirculation region
did not reach the positions of the measurement probes. Nevertheless the
flow conditions were turbulent. This is a problem that applies to all vehicle
based approaches as highly turbulent flow conditions were also found di-
rectly behind the tires where most of other mobile measurement studies are
performed. As expected, the incoming air flow at the trailer measurement
devices was most steady at long distances between vehicle and trailer but
the measurable particle concentration was lower due to a higher dilution.
Therefore a compromise between measurable peak concentration and flow
conditions was sought. A low height for the measurement devices appeared
to be preferable for measuring with minimal air flow turbulences. For short
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Figure 5.9: Schematic air flow pattern in the near wake of a simplified vehicle
(Ahmed-body) as presented by Ahmed et al. [5].
distances between trailer and vehicle the flow region around the centerline
of the vehicle was more turbulent than the flow region behind the tires.
5.3.2 Local wind speed measurements
Since the local air velocities at the inlet positions differ from the vehicle
velocity, additional air velocity measurements were conducted. A thermal
air velocity transducer (Modell 8455, TSI) was used to measure the local air
velocities at the DustTrak background measurement position on top of the
vehicle and at several locations on the trailer for different vehicle velocities
up to 100 km/h as shown in Fig. 5.10. The air velocity transducer reports
a time averaged absolute value of the wind vector and does not provide
informations about the wind direction. Therefore, different orientations of
the transducer were tested. These experiments were conducted on a remote
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Air velocity transducer
Isokinetic difuser
Figure 5.10: Photograph showing a thermal air velocity transducer mounted
at a DustTrak sampling position on the trailer for estimation of local air
velocities.
public road on essentially windless days. Orientations with the highest
velocity readings were expected to be valid since all components of the
airflow velocity vector were properly sized. After the correct orientation of
the air velocity transducer was found, tests were repeated with the trailer on
a closed test track at the Lommel proving ground [53].
Within experimental errors, the local air speed on the roof of the vehicle at
the DustTrak background measurement position was identical to the vehicle
speed for velocities up to 100 km/h. Air speed measurements conducted
on the trailer showed a linear dependency between vehicle velocity and air
speed but with a much lower slope, i.e., the local air speed at probes on the
trailer are much lower than the vehicle velocity as shown in Fig. 5.11. The
lowest velocities were measured near the center line of the vehicle at the
lowest measurement position of the DustTraks of z=0.65m. For example,
a local air speed of 4 m/s at a vehicle velocity of 28 m/s was measured
at a distance of 0.45 m from the centerline. This clearly shows that an
isokinetic correction for the DustTraks on the trailer is only needed for high
velocities approaching 100 km/h. The local air speeds increased slightly off
the centerline. Outside the outer shape of the vehicle an expected sudden
increase in the air velocities was measurable comparable to the actual vehicle
speeds.
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Figure 5.11: Diagram showing the results of local air speed measurements for
different vehicle velocities. Measurements were either performed on the roof
of the towing vehicle or at different positions on the trailer (trailer distance
x≈ 1.8m)
5.3.3 Vehicle wake tracer gas experiment
It was necessary to characterize the dispersion of the particles in the wake
of the vehicle for the estimation of emission factors. Fitz measured the
vehicle resuspended PM10 mass concentration at three different sampling
positions in the wake of the vehicle [47]. There are three major problems
associated with this approach: First, the number of sampling points is too low
to sufficiently represent the distribution in the wake. Second, the dispersion
of resuspended road dust in the vehicle wake is dependent on the distribution
of the dust on the road. Third, the local wind velocity will differ at each
sampling point relative to the vehicle velocity. Therefore specific isokinetic
corrections need to be applied at each position. In order to avoid these
problems the particle measurement was replaced by a tracer gas experiment.
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A tracer gas was released under otherwise reproducible conditions and the
measurement was not biased by anisokinetic sampling. It is assumed that
particles and the tracer gas are dispersed identically. This assumption is
reasonable, cf. e.g. [33], where a tracer gas (SF6) was used to simulate the
dispersion of PM10 for distances up to 80 m [33]. However, uncertainties may
be introduced since the particle loss mechanisms of the tracer gas and PM10
differs. Measurements were performed on the 4.2 km long circular high
speed track at the Lommel proving ground [53]. The track was closed for the
measurements to avoid disturbance by emissions from other vehicles. The
tracer gas (10% NO in nitrogen, PraxAir) was released at six different probes
whose positions were assumed to reproduce the emission characteristic of
the resuspension process. There was one probe located in front of each tire,
representing emissions at the tire-road interface and two further probes in
the centerline of the car in line with the probes at the tires, representing the
turbulence induced resuspension mechanism as shown in Fig. 5.12.
Figure 5.12: Left: Position of the six tracer gas probes under the vehicle,
indicated with orange dots. Right: Photograph showing one of the probes in
front of the right front tire.
All probes were located between 0.12 m to 0.17 m above ground and
released the tracer gas through four 1 mm orifices with a 30 mm spacing
to simulate a line source. A point source was avoided since a release in
a multitude of streamlines was anticipated, reproducing a diffuse particle
source. Two chemiluminescence detectors (CLD 66, Eco Physics) in the cargo
box of the trailer were used to measure the NOx mixing ratio. Each detector
was connected via 4 m Teflon tubing establishing 22 different sampling
positions on the trailer. The sampling points were located at heights of
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z=0.22, 0.84, 1.34, 1.87, 2.35 m above ground, respectively, and y= 0.04,
0.85, 1.3, 1.95 m from the centerline, respectively. Two additional sampling
points were located at z= 0.22 m, y= 0.45 m and z= 0.84 m, y= 0.45 m. The
measurement points are visualized in Fig. 5.13.
Figure 5.13: True to scale rendering of the vehicle and the measurement plane
on the trailer. White dots indicate the actual tracer gas measurement points.
The white vertical line represents the vehicle centerline whereas the upper
white horizontal line represents the width of the vehicle at the maximum
height, the center line represents the maximum width of the vehicle (incl.
side mirrors) and the lower line represents the height and width of the axles.
For each experimental run the tracer gas was released in a rectangular
wave form with three identical constant release phases (8 seconds duration)
each followed by no release phases (16 seconds duration) alternately for
all three probes at the front part of the vehicle, i.e., each experimental run
delivered data of two different sampling points from 3 different tracer gas
release points. The same measurement was repeated with the three release
probes at the back of the car. The no injection phases allowed the estimation
of the background level of the tracer gas. The repetitions were used for
averaging and minimizing the systematic error by the influence of side
winds. The latter was a concern since the tracer gas was released at different
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relative orientations between wind and trailer throughout the test track. The
wake was fully characterized for vehicle velocities of 30 km/h (8.3 m/s) and
100 km/h (27.8 m/s) and a distance between vehicle and trailer of 1.8 m. In
addition, a partial characterization for a distance of 4 m was performed.
The mapping of the tracer gas concentration behind the vehicle required
some assumptions to reduce the experimental efforts. It was assumed that
the concentration profile is symmetric to the centerline of the car. This is
confirmed by simultaneous measurements for some sampling points with
identical distances from the centerline. The measured concentration of points
at a height of 0 m were approximated to be the same as measured at 0.22 m.
No measurements were performed below a height of 0.22 m because the
probes would have touched the ground. All data between the actual mea-
surement points were interpolated using a natural neighbor algorithm as im-
plemented in MatLab (MatLab, Mathworks). The natural neighbor algorithm
is superior to a linear interpolation in a rectangular pattern of measurement
points, since no ambiguities arise. All measurement results are normalized
to fulfill mass conservation facilitating a comparison and combination of
data from different probes. To improve accuracy, the performance of all flow
controllers used were investigated under controlled laboratory conditions.
Nominal flow values were compared to flows measured with a bubble flow
meter (Gilibrator-2, Cole-Parmer). Measurement values of the bubble flow
meter were corrected for pressure and humidity. The release of tracer gas
from all six probes with identical source strength results in a concentration
map as shown in Fig. 5.14 a) and b).
Since it was assumed that the dispersion of particles and tracer gas was
identical within experimental error, this map represents dust emissions
from both the front and rear tires and vehicle induced turbulences below
the vehicle body. Highest concentrations of the released tracer gas were
detected at heights below 1 m. The concentration profile was fully traced.
The concentration values at the border of the measurable frame dropped
close to zero. Concentration profiles for vehicle velocities between 30 km/h
and 100 km/h were estimated by linear interpolation between the known
concentration profile data points. Fitz reported that the plume is confined
primarily within the frontal area of the tow vehicle [47]. This is not confirmed
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a)
30 km/h 100 km/h
30 km/h 100 km/h
b)
c) d)
Figure 5.14: Normalized tracer gas distribution measured on the trailer
for 30 km/h (left) and 100 km/h (right) and a distance between vehicle
and trailer of 1.8 m. a) and b) shows the combination of concentration
profiles representing the super positioned release of tracer gas at all six
probes with identical source strength. c) and d) show the combination of
concentration profiles representing the super positioned release of tracer gas
from the four probes at the tires with identical source strength. White circles
represent the actual tracer gas measurement locations. The white vertical
line represents the vehicle centerline whereas the upper white horizontal
line represents the width of the vehicle at maximum height, the center line
represents the maximum width of the vehicle (incl. side mirrors) and the
lower line represents the height and width of the axles.
in the present measurement as tracer gas is dispersed outside the frontal area
of the vehicle, especially for emissions representing the tire/road interaction.
It is unclear whether this difference can be explained by the different vehicle
shapes. Based on this profile an average area concentration for velocities
between 30 km/h and 100 km/h was calculated which was then used to
estimate emission factors. Although additional emission characteristics are
thinkable, e.g., dust emissions may occur mainly from the tires and not at
the centerline of the vehicle as shown in Fig. 5.14 c) and d) , the resulting
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changes in the emission factors at the respective measurement position
would only be minor (-1 % at 30 km/h, up to -10% at 100 km/h). Note that
for the measurement positions the mapping shown in Fig. 5.14 a) and b)
covers the "worst case" of these two extremes and will therefore not lead
to an underestimation of the emissions. The wake of the vehicle is not
fully captured at a trailer-vehicle distance of 4 m since the wake disperses
quickly. However the average area concentration was estimated to decrease
between 30 %-40 % when increasing the vehicle-trailer distance from 1.8 m
to 4 m based on the partial characterization at a distance of 4 m. Although
the tracer gas experiment suggested that higher particle concentrations are
found at lower heights it was more robust not to measure at low heights,
i.e., at the peak concentrations. Here, the normalized concentration varied
significantly with changing vehicle velocity or the relative source strength
of the individual probes (cf. Fig.5.14). Thus, a measurement position at
a greater height was favorable because of the applicability of the method
within a wide range of measurement conditions.
5.4 Emission factor estimation
The results of the wind speed measurements, wind tunnel test, and tracer
gas experiments were used to find an optimal measurement position on the
trailer. The enhanced flow conditions at long distances between trailer and
vehicle were sacrificed to the benefit of a higher signal to noise ratio at a
distance of 1.8 m. Another advantage of the shorter distance is the increased
robustness, since the impact of side winds is reduced at short distances. The
results of the wind tunnel tests suggested a measurement position as low
as possible. The tracer gas measurement supported a height to place the
DustTraks as low as z=0.65 m. Different placements of the DustTraks on the
trailer were tested for the unpaved road measurements. For the agricultural
paved road measurements, one DustTrak was placed at a distance of 0.85 m
from the centerline of the vehicle approximately behind the rear right tire of
the vehicle and the other DustTrak near the centerline at a distance of 0.04 m.
However most measurements were conducted with a symmetrical DustTrak
arrangement behind the right and left rear tire at distances of 0.85 m from
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the centerline, respectively. This setup was mostly used on real world routes
and suitable to investigate the distribution of road dust on the road. For
all setups the local airflow speed at the measurement points were rather
low and isokinetic correction was only required for high vehicle velocities
(100 km/h) only.
Measurements were only performed on days with little wind and mea-
surements where a strong influence of the wind was suspected were rejected.
To estimate the impact of side winds, controlled and reproducible conditions
are required which can not be achieved in a real world test. However, a
first approximation can be obtained based on the tracer gas concentrations
profiles. The tracer gas profiles shown in Fig. 5.14 should shift due to side
winds, most pronounced at low vehicle velocities. Additionally, the tracer
gas concentration profile should change with vehicle velocity. This leads
to a vehicle and wind velocity dependent over- or underestimation of the
emission factor as demonstrated in Fig. 5.15.
Figure 5.15: Deviation of the emission factor for different wind velocities.
Estimation based on a shift in the tracer gas concentration profiles shown
in Fig. 5.14. Left: Based on tracer gas profile representing turbulences
and tire/road interaction. Right: Based on tracer gas profile representing
tire/road interaction only.
Note, that the wind speeds were relatively low with an average of 1.2 m/s ± 0.6 m/s,
based on data from local weather stations. Thus, there is evidence that the
influence of side winds is virtually negligible.
While the DustTraks were calibrated with a filter before each measure-
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ment they still showed a concentration offset or may drift in time. These
effects were small within the measurement cycles but needed to be corrected.
Therefore all experiments began and ended with a background measurement
of at least 3 minutes length. Depending on the experiment duration, addi-
tional background measurements were conducted within such a cycle. A
background measurement was conducted while parking and it was expected
that the average particle concentration at the three DustTraks were identical.
These background measurements were used to match the DustTrak readings
of two DustTraks to the third one with a stepwise linear regression of the
data points between two background measurement sections as shown in Fig.
5.16.
a)
b)
c)
Figure 5.16: Segmented linear regression for correcting temporal drift and
offset of the DustTrak readings. a) DustTrak background measurement raw
data. b) Segmented linear regression based on the ratio between DustTrak
concentration measured on the roof of the vehicle (DustTrak BG) and each of
the DustTrak concentrations measured on the trailer (DustTrak 1 and 2). c)
Corrected data.
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Then, the total emissions for each measurement were calculated as:
E =∑
t
(cAv · A · vvehicle), (5.3)
where: E, the PM10 emission in mg; cav, the averaged background cor-
rected PM10 mass concentration in mg/m3; A, the cross-sectional area behind
the trailer in m2; vvehicle, the velocity of the vehicle in m/s and t, the time
in s. The estimated emissions derived from both DustTraks on the trailer
naturally differ. Thus, the mean of both emission values was used as an
estimator of the total emissions (ETotal). The individual measurements are
used to evaluate the uncertainty of measurement which was defined as:
Uncert =∑
t
(
|EDustTrak1 − EDustTrak2|
2
(5.4)
where EDustTrak1, EDustTrak2 are the calculated emissions measured with each
of the two DustTraks. This quantity is a measure of the deviation due to
unsymmetrical road dust loadings, air flows and statistical variations.
PM10 emission factors were estimated by dividing the total emission, in
mg, by the track distance d, in km:
EF =
ETotal
d
± Uncert
d
. (5.5)
5.5 Agricultural Paved and Unpaved Roads
Measurements at constant velocities were carried out within an agricultural
area between the cities of Erkelenz and Linnich, Germany. This agricultural
area offered several dust loaded paved roads and unpaved roads mainly
used by agricultural vehicles. Additionally very low traffic density allowed
largely undisturbed measurements. Fig. 5.17 shows photographs from this
intensive measurement campaign which was conducted between August
and September 2010.
The non-exhaust PM emissions for unpaved or heavy dust loaded agri-
cultural paved roads are dominated by the resuspension of road dust. Thus,
tire wear and brake wear were of minor importance considering the high
dust loadings on such roads. One advantage of mobile vehicle based mea-
surements over stationary measurements is the fast large-scale acquisition
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a) b)
c)
Figure 5.17: Photographs of the measurement campaign on unpaved and
paved agricultural roads. a) Measurements on an unpaved road with visi-
ble dust entrainment. b) Overview of the measurement site. c) Panorama
showing unpaved and paved agricultural roads at the measurement site.
of emission potentials from roads using logged GPS data. An example of
averaged spatially resolved emissions on a small round course with four
road sections (three agricultural paved and one unpaved road section) is
shown in Fig. 5.18. The unpaved road in the south showed clearly higher
measurement values than the agricultural paved roads. Since the track was
driven in a clockwise direction, road dust from the unpaved road was dis-
persed onto the agricultural paved road in the west which shows higher
emission factors within the first 100 m of the junction with the unpaved road.
The DustTrak measurement positions on the trailer were varied on the round
course to test the applicability of the tracer gas mapping. One of the Dust-
Traks was positioned stationary near the centerline (z=0.65m, y=-0.34) while
the other DustTrak position was varied (z=0.65m, y=-0.77; z=1.13m, y=-0.34;
z=0.65m, y=0.34). Each of the positions relate to different estimations for
the average concentration in the wake according to the tracer gas mapping.
Estimated emission factors, uncertainty of measurement and the individual
DustTrak measurements for the three different measurement positions are
shown in Fig. 5.19. Note that the estimated emission factors of the different
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Figure 5.18: Six rounds averaged spatially resolved emissions on a 2.9 km
long round course. The road section in the south is unpaved whereas the
other three road sections are paved agricultural roads. The driving direction
was clockwise. The color of each dot represents the average estimated
emission on a logarithmic scale within a radius of 40 m.
measurement configurations can not be compared to each other since the
measurements were conducted at different times of the day. It is expected
that the soil moisture decreased during the course of the day resulting in
increasing emission factors. The measurements showed that the results of the
tracer gas mapping were reasonable. The dust was uniformly distributed on
the road. The slightly higher deviation of the individual DustTrak emission
factors in test configuration 2 was caused by higher concentrations on the
unpaved road section. This may originate from the measurement height
of z=1.13. The expected emissions are relatively small at that position and
extrapolation of the average concentration introduce larger uncertainties.
Estimated emissions on the agricultural paved sections were comparable
and showed that the tracer gas mapping was reasonable.
Unpaved roads lead to the highest emission factors observed during the
whole measurement campaign. The highest average emission factor observed
was 42 g/vkm ± 9 g/vkm based on 5 repeated runs on an unpaved road at a
velocity of 30 km/h. The average emission factor on unpaved roads for all
measurements on different days was found to be 24 g/vkm ± 19 g/vkm at
a velocity of 30 km/h. Gillies et al. proposed a linear relationship between
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Figure 5.19: Average emission factor for a round course on unpaved and
paved agricultural roads. Three different setups were investigated. One
DustTrak was positioned stationary at y=-0.34, z=0.65. The other DustTrak
position was varied throughout the tests: Test conf. 1: z=0.65m, y=-0.77; Test
Conf. 2: z=1.13m, y=-0.34; Test conf. 3: z=0.65m, y=0.34. The error bars
indicate the experimental uncertainty (cf. eq. 5.4).
emission factor, velocity, and mass, based on their measurements on un-
paved roads with vehicle masses between 1200 kg to 18000 kg. This would
suggest an emission factor of 216 g/vkm for the present setup, which is
one order of magnitude higher than the measured results at a velocity of 30
km/h. However, this relationship is established for the arid conditions found
in Texas, USA, and may not be applicable to Central Europe with largely
different meteorological conditions [61]. Measurements with the SCAMPER
system indicate lower PM10 emission factors in the range of 36-54 g/vkm
at an average speed of 25 km/h [48]. This emission level is comparable to
the present measurements. However the SCAMPER measurements were
performed in a similar climate zone as the measurements presented by Gillies
et al., suggesting that the SCAMPER underestimated the emissions.
The emission factors of unpaved roads were found to be clearly velocity
dependent, i.e., emissions rise with increasing vehicle velocity. Unfortu-
nately no details on the velocity dependency can be reported since the high
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dust loadings during these measurements contaminated the DustTrak optics,
which needed to be cleaned by the manufacturer. Thus, no further measure-
ments with the DustTraks on unpaved roads were conducted. The trend
of increasing emissions with increasing vehicle speeds is also supported by
particle size distributions measured with an APS on an unpaved road at
different velocities is shown in Fig. 5.20.
Figure 5.20: Number weighted particle size distribution measured with an
aerodynamic particle sizer on an unpaved road for different velocities.
The size distribution is multimodal with peak concentrations between
1-3 µm and 6-10 µm. Unpaved roads offer a considerable amount of dust
which can easily be resuspended. Increasing velocities cause a higher vehi-
cle momentum and thus a higher resuspension rate of this dust. The size
distribution at 10 km/h shows that larger particles were resuspended more
easily than small particles. This is expected to be due to the larger adhesion
force and smaller aerodynamic forces for particles with smaller diameter
[109]. For higher velocities the concentration increase appears to be size
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independent. On the contrary, paved roads offer a limited amount of dust
which - once resuspended - will settle either on or downwind of the road,
i.e., the dust is removed from the reservoir of the road. The removal of road
dust by repeated measurements on a paved dust loaded agricultural road is
shown in Fig. 5.21.
Figure 5.21: Decay of total particle concentration during repetitive cruises
on an agricultural paved road measured with an aerosol particle sizer. The
APS predominantly measures particles resuspended from the right tires of
the vehicles. Thus, the measurements on the way back (squares) and forth
(circles) are separated. The error bars indicate the standard deviations.BG=
Background concentration.
After 18 vehicle passes at a velocity of 70 km/h the measured resuspended
road dust particle concentration was reduced to about 50% and was nearly
at background level. This sequent particle removal process due to vehicle
activity was also observed by Nicholson et al. using fluorescent particles
and was shown to be velocity and particle size dependent [112]. Larger
particles were more easily resuspended than smaller. This was confirmed
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by measurements from Patra et al. who used road gritting salt as a tracer for
PM [118].
The emission factor measured on dust loaded agricultural roads was
found to be velocity dependent. This is in agreement with previous studies
(cf. chap. 3.5), e.g. Fitz reported a non linear particle mass concentration
increase between 30 km/h and 110 km/h [47]. In a road simulator test a
linear relationship between PM10 and simulator velocity was reported by
Gustafsson et al. [64]. Several test runs on different days and roads were
conducted in this regard. Each test consisted of repeated constant velocity
runs on agricultural paved roads between 10 km/h to 85 km/h. As described
earlier, repeated vehicle passes over a road change the emission potential
through vehicle induced particle removal. Thus, the different velocities were
tested in a randomized order to minimize systematic errors. Note that the
measurement setup was characterized for velocities between 30 km/h and
100 km/h only. The emission factor at 10 km/h was calculated with the
tracer gas mapping measured at 30 km/h assuming that the deviation was
insignificant. The result of these experiments is shown in Fig. 5.22.
The emission factors were 1-2 magnitudes lower than the emission factors
estimated for unpaved roads, e.g. the emission factor (30 km/h) is estimated
to be 155 mg/vkm ± 53 mg/vkm. The isokinetic corrections are only ideally
matched for specific velocities. However, the increase of the estimated
emission factors are not a result of anisokinetic sampling effects since the local
air speed at the measurement position increases far too less. The available
data suggest two rationals for the velocity dependency. The data in Fig. 5.22
were regressed using a power law function of the form
EF = a · vb, (5.6)
where EF is the estimated emission factor, v the vehicle velocity and a,b are
fit parameters. The parameter b varied between 1.7 and 2.7 for the present
measurements. It was expected that differences in the road conditions and
dust loading were responsible for the differences in the fit parameters. The
measurements were conducted on different days with different meteorologi-
cal conditions. Note that there is no emission factor available for velocities
10 km/h < v < 30 km/h. It is conceivable that a threshold velocity (vcrit)
81
CHAPTER 5. NON-EXHAUST PM EMISSION MEASUREMENTS OF A LIGHT
DUTY VEHICLE WITH A MOBILE TRAILER
Figure 5.22: Velocity dependency of the emission factor measured on agri-
cultural paved roads. A power law regression indicates the relationship
between velocity and emission factor. Error bars are not shown to improve
the clarity of the diagram.
near 20 km/h exists; apparently no resuspension occurs below this value.
This would suggests a linear relationship between velocity and emission
factor for velocities between vcrit and 80 km/h. A critical threshold velocity
was reported earlier by Nicholson et al.. The authors did not observe any
resuspension on paved roads for fluorescent particles with a diameter of 4.2
an 9.7 µm for vehicle speeds of 24 and 32 km/h on paved roads, respectively
[112]. Due to the above mentioned difficulties with the measurement of the
velocity dependency neither of these rationals could be rejected.
5.6 Real world driving
More than 800 km of real world driving were conducted on different routes
in the area between the cities of Aachen and Mönchengladbach, Germany,
from August to November 2011. The routes consisted of different paved
roads and covered different driving conditions (rural, motorway, and city
driving). Additional measurements were conducted on a closed asphalt test
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track at the Lommel proving ground [53]. In contrast to the measurements
on agricultural roads, real world driving consisted of varying speed profiles.
Inlets for isokinetic correction that covers most of the conditions for a specific
real world route were selected. For example, a motorway route consists
predominantly of 100 km/h speed sections that could be isokinetically cor-
rected by a 100 km/h inlet for the DustTrak at the background measurement
position as well as 30 km/h inlets for the DustTraks on the trailer as the local
wind speed was much lower (cf. 5.3.2). All measurements were performed
at dry road conditions.
Non-exhaust emissions measured on unpaved or dust loaded paved roads
were dominated by the resuspension of road dust resulting in high emission
factors. However the dust loading on real world routes were much lower.
The corresponding emission factors were about one order of magnitude
lower than for dust loaded agricultural paved roads. Thus the contribution
of the wear of tires, brakes, and the road to the total non-exhaust emissions
became more relevant.
Measurements conducted on a closed test road indicated enhanced particle
concentrations during acceleration and in particular for braking phases as
shown in Fig. 5.23. Etyemezian et al. considered data points measured for
accelerations/decelerations > 0.5 m/s2 to be invalid stating that the flow
regime around the DustTrak inlet may be transient [43]. Contrary to that the
present measurement suggested that such data points were valid and not
an artifact of the DustTrak measurement. As shown in Fig. 5.23, enhanced
particle concentrations were only measured with DustTraks in the wake of
the vehicle and not for the DustTrak at the background measurement position.
If changing flow conditions would affect the measurement significantly, the
DustTrak at the background measurement position would be affected most,
since the local airflow velocity is much higher on the roof of the vehicle.
Furthermore, the particles were also observed with the aerodynamic particle
sizer, which operates on an entirely different measurement technique than
the DustTraks. Thus, a measurement artifact was excluded. It was also
investigated, whether different forces on the trailer and the vehicle during
brakings and accelerations may have caused irregular particle mass readings.
However, no effect of mechanical stress on the DustTrak mass reading were
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Figure 5.23: Enhanced particle concentrations during acceleration and brak-
ing phases on a closed test track. From top to bottom: Vehicle speed, APS
particle size distribution (raw counts) and DustTrak particle mass concentra-
tion at background measurement position and on the trailer.
found. Another possibility was leaking exhaust gases or oil fumes from
the engine compartment. A thorough visual inspection of the vehicle was
conducted to rule out any leakage of exhaust air. Additionally, DustTrak
measurements were conducted at different positions underneath the vehicle
and in the engine compartment. However, no particles were detected. Hence,
it was concluded that these particles were real emissions originating from
the brakes and/or the tire-road interface. The particles during accelerations
were probably generated due to a higher shearing stress of the tires. Phases
of braking showed higher particle emissions than acceleration phases. These
particles originated from the brakes and from the tire-road interface. It is
possible that particles that were generated during braking maneuvers and
temporarily deposited on the vehicle may have become airborne during
acceleration phases.
For real world routes, data points measured at a velocity below 30 km/h
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were excluded to assure a well mixed background concentration and to
comply with the tracer gas mapping. Two examples of averaged spatially
resolved emissions on real world routes are shown in Fig. 5.24.
Figure 5.24: (a) Ten rounds averaged spatially resolved emissions on a 7 km
long rural real world route. (b) Five rounds averaged spatially resolved
emissions on a 15 km long rural real world route. The color of each dot
represents the average estimated emission on a logarithmic scale within
a radius of 75 m (a) and 150 m (b), respectively. Only data points that
comply with the boundary conditions (velocityvehicle>30 km/h; -0.5 m/s2 <
acceleration < 0.5 m/s2) were taken into account, representing a "free driving"
situation.
Ten rounds were driven on the real world route as depicted in Fig. 5.24
(a) with a length of 7.2 km/round. The road in the southeast region shows
considerable enhanced emissions. This road was narrow with unpaved shoul-
ders. Opposing traffic forces one of the road users to use the unpaved shoul-
ders, thus leading to higher road dust loadings, which is evident from the
data. Unpaved shoulders along paved roads are known to cause dust emis-
sions [110]. Fig. 5.24 (b) shows another example of a real world route with
clearly measurable local variations of the emissions. The higher emission po-
tential of the road in the western region is explained by a combination of poor
road conditions and location within agricultural fields. The higher emissions
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in the northern part of the track were related to road works. In agreement
with Fitz et al. it was found that most of the emissions are attributed to a
few "hot spots" [50]. On average, 10 % of a real world route length was
responsible for 63 % of the total route non-exhaust emissions. This finding
emphasizes the need of mobile vehicle based measurements in contrast to
stationary measurements which can not capture the high local variability of
road dust loadings. High emission factors were calculated for roads in poor
conditions with damaged road surfaces or holes and cracks. A typical spot
with high dust loadings was the crossing of agricultural roads with regular
roads, construction sites as well as railroad crossings. The average emis-
sion factors for different real world routes varied between 9 mg/vkm and
63 mg/vkm with an average emission factor of 26 mg/vkm ± 9 mg/vkm,
respectively, as shown in Fig. 5.25.
Figure 5.25: Estimated emission factors for different rural/highway and city
routes. Three different driving situations are classified: "Free" (-0.5 m/s2 <
acceleration < 0.5 m/s2), "Acceleration" (acceleration ≥0.5 m/s2) and "Brak-
ing" (acceleration ≤ -0.5 m/s2). The stacked bars show the proportion of
the emissions in relation to the total track length for the different driving
situations. The other columns show the emissions of each driving situation
in relation to the respective track section length.
The percentage share of road length was: Rural (63 %), Motorway (29 %),
City (8 %). On average, the emissions measured by the DustTrak behind
the left and right tires were virtually identical. Nevertheless for a few road
sections (cf. Fig. 5.24) with unpaved shoulders, higher emissions were found
on the right vehicle side (right hand traffic). The lowest emission factors were
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found for motorway routes. Lower emissions on roads with high average
velocity traffic were also reported by Zhu et al. [145]. This is explained by
high velocity traffic which removes the road dust or keeps it suspended and
the absence of agricultural vehicles that are responsible for a large proportion
of the dust entrainment on roads. An spatially resolved motorway route is
shown in Fig. 5.26.
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≤ 10-2
 100
10-1
Figure 5.26: Averaged spatially resolved emissions on a 101 km long mo-
torway real world route. The color of each dot represents the average esti-
mated emission on a logarithmic scale within a radius of 1000 m. Only data
points that comply with the boundary conditions (velocityvehicle >30 km/h;
-0.5 m/s2 < acceleration < 0.5 m/s2) were taken into account, representing a
"free driving" situation.
Driving the city route resulted in a higher proportion of braking events
due to stop and go traffic flow. There were some problems involved when
measuring in cities. The average velocity was low resulting in a high amount
of data points which needed to be rejected. There was also the risk that
exhaust of other vehicles was sampled on multi-lane tracks, which bias the
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data. Therefore, the majority of measurements were conducted on rural road
type routes which include federal and country roads. The GPS data were
used to identify emissions measured for different accelerations. It was found
that deceleration rates higher than 0.5 m/s2 correlate well with the recorded
brake pedal use. These sections were used to estimate a "Braking emission
factor" (BEF) for each real world route. Similarly, an "Acceleration emission
factor" (AEF) was defined for emissions in sections with acceleration rates
higher than 0.5 m/s2. Accelerations in between those groups were used to
define a "Free driving emission factor" (FEF). The setup can not differentiate
between different particle sources, but based on this classification further
conclusions in regard to the emission factors could be made. While the
resuspension of road dust was incorporated in all of these emission factors,
the resuspension contribution to the total emissions in each section could
not be estimated. The emissions in the braking sections and acceleration
sections accounted for roughly 12 % of the total non-exhaust emissions on
average. Note that only data points for velocities higher than 30 km/h
were evaluated. Actual real world driving with particles generated at the
brakes at lower velocities may change the contribution to the total emis-
sions. Both, the average BEF of 47 mg/vkm ± 30 mg/vkm and the AEF of
38 mg/vkm ± 31 mg/vkm where found to be higher than the average FEF
of 23 mg/vkm ± 18 mg/vkm. In turn the BEF was higher than the AEF thus
revealing an additional particle source, i.e., the brakes. It is unclear if the
increased emission factor on acceleration sections is caused by increased
resuspension or increased tire/road wear or a combination of both.
The road dust loadings were found to be too low to allow an investiga-
tion of the speed dependency on any real world track. In February 2012,
additional measurements were conducted after an unusual cold period in
Germany. Many roads had been treated with de-icing salt, clearly visible
by observation. Fig. 5.27 shows a comparison between spatially resolved
measurements on the same city real world route in September 2011 (a) and
February 2012 (b).
PM non-exhaust emissions increased clearly most pronounced in the inner,
low-velocity parts of the city. Emissions on the outer ring roads increased
only slightly. Presumably, high velocity traffic removed most of the road salt.
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Figure 5.27: Four (a) and three (b) rounds averaged spatially resolved emis-
sions on a 19 km long city real world route. (a) Measurement conducted
in September 2011. (b) Measurement conducted in February 2012 after a
cold period and road treatment with de-icing salt. The color of each dot
represents the average estimated emission on a logarithmic scale within a
radius of 100 m. Only data points that comply with the boundary conditions
( vehiclevelocity>20 km/h; -0.5 m/s2 < acceleration < 0.5 m/s2) were taken
into account, representing a "free driving" situation.
The estimated emission factors were 25 mg/vkm± 15 mg/vkm in September
2011 compared to 162 mg/vkm ± 46 mg/vkm in February 2012. Please note,
that the DustTraks were calibrated with Arizona road dust. Since the optical
properties of salt aerosols differ significantly, emission factors were likely
overestimated for measurements in February 2012. However there was a
clear trend for higher emissions from roads that have been treated with
de-icing salt. Again, this measurement demonstrates the large potential of
real world investigations based on mobile measurement approaches.
The repeatability of measurements with the measurement setup was tested
on paved and unpaved roads. Evaluated emission factors varied for each
run. Road dust can be resuspended by other vehicles or by the wind and new
road dust can be deposited, both changing the dust loading on the road. The
meteorological conditions generally vary as well and in case of real world
cycles there are differences in the driving pattern for each experimental run.
Thus, the smallest changes in the experimental conditions were expected
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to be found for measurements on unpaved roads conducted at constant
velocity. Here, the effect of road dust removal is negligible. Two examples of
repeatability measurements are shown in Fig. 5.28.
Figure 5.28: Repeatability of measurement tests on a rural real world driving
cycle (squares, covariance of 19 %) and an unpaved road (circles, covariance
of 11 %). Error bars indicate the uncertainty of measurement (cf. eq. 5.4).
The coefficients of variation of the measurements were calculated as:
Covi =
σi
µi
· 100%, (5.7)
where µi is the mean emission factor for a repeated run on a road and σi is
the standard deviation of the emission factors of these runs. The coefficients
of variation were between 10 % and 30 %. Some measurements on paved
roads exhibited higher values but these measurements were rejected since
considerable contamination of the roads occurred between each experimental
run. As expected, the lowest values were found for unpaved roads where the
emission potential was less affected by the road dust variation mechanisms
described earlier.
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5.7 Summary
The spatial variability of road dust loadings on real world roads was high.
Thus, investigations on the resuspension of road dust demand a mobile
measurement approach. A trailer based approach was shown to be capable
of estimating non-exhaust particle emissions generated by the resuspension
of road dust and the wear of the brakes, tires and the road. Anisokinetic
sampling resulted in unrepresentative particle sampling. This was corrected
for by the use of diffuser type inlets. Additionally, a velocity dependent
sampling probe was designed to correct for anisokinetic sampling for a wide
range of vehicle velocities. Unfortunately a characterization of the minia-
turized version of this system was not possible. Further research is needed
before the application of this system. Local air speed measurements proved
that a correction for measurement devices on the trailer is only needed at
higher velocities (100 km/h). A tracer gas experiment was conducted to in-
vestigate the dispersion of particles in the wake of the vehicle. Subsequently,
non-exhaust emission factors were estimated based on the measured tracer
gas distributions. The results of wind tunnel, tracer gas, and local wind speed
measurements were considered for the optimal placement of the measure-
ment devices on the trailer. An average emission factor of 24000 mg/vkm ±
19000 g/vkm PM10 was estimated for unpaved roads at a velocity of 30 km/h.
This is about one magnitude lower than previously reported emission factors
for such roads. It is noted that these measurements are probably the first
reported for unpaved roads in Central Europe. The emission factor increased
with increasing vehicle velocity. Emission factors on dust loaded paved
agricultural roads were found to be 1-2 orders of magnitude lower, e.g., at 30
km/h the emission factor was estimated to be 160 mg/vkm ± 50 mg/vkm.
The repeatability of measurements was found to be reasonable, varying with
coefficient of variations between 10-30 %. Emission factors on paved routes
were one order of magnitude lower than on agricultural paved roads with an
average emission factor of 26 mg/vkm ± 19 mg/vkm. The estimated emis-
sion factors for different road types are summarized in Table 5.2. Enhanced
emission factors for braking and acceleration phases were found. Although
the average velocity was the highest, the lowest emissions were found on
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Road type Mean emission factor
[mg/vkm]
Emission factor range
[mg/vkm]
Unpaved road (30 km/h) 24000 ± 19000 13000 - 44000
Agricultural paved road
(30-85 km/h)
160 ± 50 120 - 1080
"Real world" paved roads
(30-100 km/h)
26 ± 19 9 - 63
Table 5.2: Summary of estimated PM10 emission factors for different road
types
motorways. Resuspension was found to be characterized by road dust hot
spots. The emission factors ranged from 9 mg/vkm for a motorway route up
to 63 mg/vkm for a rural route. This emission factor range is at the lower
end of emission factors reported in literature (cf. Fig. 3.2). Nevertheless,
they are comparable to emission factors reported for comparable climatic
conditions. In comparison to the exhaust emission level of newly registered
vehicles (4.5 mg/vkm for Euro-5) it becomes readily evident that modern
vehicle exhaust emissions are small in comparison to non-exhaust emissions.
Comparison measurements conducted in different seasons indicate that road
treatment with de-icing salt increased non-exhaust emissions considerably.
In conclusion, the trailer based measurement approach is capable of measur-
ing and quantifying non-exhaust emissions from light duty vehicles with
high spatial resolution.
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Non-exhaust particle emissions from vehicles are expected to significantly
increase in the future. The compounds present within road dust may be of
human health relevance. However, information about the source strength
of non-exhaust particle sources are limited. Moreover, existing data vary
considerably, representing the variety of different climatic conditions, traffic
situations or experimental methodologies.
In this work, measurement approaches have been developed for inves-
tigating non-exhaust particle emissions from a light duty vehicle. State of
the art in-situ particle measurement devices were used for measuring ul-
trafine particle concentrations and PM10 mass concentrations. One of the
research questions was, whether ultrafine particles are generated from the
tire/road interface. Measurements were conducted directly in the wheel
housing with high temporal resolution for a variety of driving maneuvers
with different severity. Systematic testing and multiple sampling positions
allowed differentiation of particles generated from the brakes and at the
tire/road interface. No enhanced ultrafine particle concentrations were
found for normal driving conditions during braking, acceleration, cornering
or straight driving. A tracer gas experiment was performed to estimate an
upper limit of the particle number emission factor. Hence, an upper limit of
1 · 1011 # particles/vkm was estimated for steady straight driving. However,
under extreme conditions with enhanced tire slip, ultrafine particles were
generated at the tire/road interface. At the brake sampling location, ultrafine
particle concentration increased exponentially with increasing vehicle veloc-
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ity during full stop braking. These nucleation particles were small (10 nm),
whereas larger particles (30-90 nm) were attributed to the tire/road interface.
In comparison to exhaust emissions, ultrafine particle emissions from the
tire/road interface were found to be of minor importance.
Non-exhaust particle emissions contribute significantly to the roadside
PM10 mass concentrations. An instrumented trailer was used to investi-
gate particle emissions directly in the wake of the vehicle under real world
conditions. Insights were gained concerning the flow conditions and the
dispersion of particles in the wake of the vehicle by a combination of wind
tunnel tests, air flow measurements and tracer gas experiments. The careful
characterization of the measurement system allowed the quantification of
non-exhaust emissions. Two different isokinetic sampling methods were
developed and characterized to ensure representative measurements. Test
drives were performed on unpaved roads, agricultural (dust loaded) paved
road and more than 800 km of real world roads, covering a representative
range of road conditions in Central Europe. The repeatability of measure-
ments were shown to be reasonable with a coefficient of variation between
10-30 %. Emission factors differed by orders of magnitude for the differ-
ent road types. The highest emissions were found on unpaved roads with
24000 g/vkm ± 19000 mg/vkm (30 km/h). Agricultural roads were about
1-2 magnitudes lower, e.g. 160 mg/vkm ± 50 mg/vkm at 30 km/h. The
lowest emission factors were found on real world roads with an average
emission factor of 26 mg/vkm ± 19 mg/vkm. In contrast to this, exhaust
emission levels of newly registered vehicles (4.5 mg/vkm for Euro-5) are
much smaller than non-exhaust emissions. Non-exhaust emission factors
increased with increasing velocity on paved and unpaved roads. Acceler-
ations and braking phases were linked to increased emissions, most likely
due to enhanced shearing stress of the tires and additional brake wear par-
ticles. Until now, most resuspension emission factors were derived from
stationary measurements. However, the present measurements indicate a
high variability of the road dust loading, characterized by local road dust hot
spots which can not be resolved with random spot sampling. Thus, mobile
measurement approaches outperform stationary measurements in allowing
large scale acquisition of spatial resolved emissions.
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